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ABSTRACT 


LABORATORY  TEST  SET-UP  TO  EVALUATE  ELECTROMECHANICAL 
ACTUATION  SYSTEM  FOR  AIRCRAFT  FLIGHT  CONTROL 

Name:  Barnett,  Street  A. 

University  of  Dayton 

Advisor:  Dr.  Quinn  Leland 

A  laboratory  apparatus  and  data  acquisition  system  were  constructed  for 
evaluating  aircraft  flight  control  actuators  under  simulated  mission  profiles.  A  MTS 
hydraulic  load  frame  was  used  to  simulate  a  control  surface’s  aero  load.  A  NI  based  DAQ 
system  was  used  to  record  the  motor  controller’s  DC  bus  voltage  at  a  high  rate,  actuator’s 
position,  load,  and  temperatures.  The  DC  bus  nns  voltage,  current,  and  power,  and 
regenerative  power  were  recorded  by  a  Newton’s  4th  power  analyzer.  Key  perfonnance 
characteristics  tests  such  as  frequency  response,  step  response,  reversal,  backlash,  and 
holding  with  a  Danahar  EC5  actuator  were  carried  out  to  verify  this  laboratory  setup. 

The  continuous  frequency  sweeping  test  revealed  that  the  EMA  reached  the  speed 
limit  first,  then  the  current  limit,  and  finally  the  temperature  limit.  When  the  actuator’s 
electronics  reached  the  thermal  limit,  the  actuator  controller  drastically  reduced  its  power. 
This  caused  drastic  magnitude  attenuation  and  phase  lagging.  Continuous  frequency 
sweeping  proved  to  be  a  useful  test  to  evaluate  the  EMA’s  characteristics. 
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The  lab  tests  showed  that  holding  presents  the  most  significant  challenge  to  the 


thennal  management  of  an  EMA  system.  To  reduce  the  thennal  gradient  within  the 
motor,  a  half  rotation  back  forth  at  0.01  Hz  sinusoidal  disturbance  was  imposed  during 
holding  to  evenly  engage  the  motor’s  three  phases.  This  resulted  in  an  81%  temperature 
variation  reduction  among  the  three  windings.  Although  this  small  motion  disturbance  is 
effective  in  reducing  the  motor  and  motor  drive’s  thennal  gradient,  it  is  not  known  if  such 
a  disturbance  is  feasible  in  practice. 

The  step  response  and  reversal  test  showed  that  when  an  EMA  reverses  direction 
or  suddenly  decelerates,  a  significant  spike  of  regenerative  power  occurred.  This 
regenerative  power  could  present  itself  as  a  thermal  challenge  to  an  aircraft  flight  control 
EMA  system. 

Using  the  MTS  hydraulic  load  frame  to  simulate  a  dynamic  aero  load  of  a  flight 
control  surface  in  synchronization  with  position  movement  of  an  actuator  proved  to  be  a 
challenge.  A  double  loop  control  scheme  has  been  derived  which  compensates  the  time 
delay  difference  between  the  load  frame  and  the  actuator.  It  is  our  hope  that  this  control 
strategy,  once  fully  implemented,  will  enable  more  accurate  dynamic  load  control  in 
simulating  an  EMA’s  mission  profile  for  perfonnance  evaluation. 
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CHAPTER  1 


INTRODUCTION 


Aircraft  Flight  control  systems  have  made  major  advances  throughout  the  years, 
from  wing  warping  on  the  Wright’s  first  glider  to  modern  day  fighter  jets,  whose  design 
is  aerodynamically  unstable  and  requires  fly-by-wire  technology.  Modem  aircraft  employ 
fly-by-wire  and  auto  stabilization  processes  executed  by  an  on  board  flight  computer  in 
order  to  master  the  principle  of  flight  control  [1]. 

Flight  control  systems  are  made  up  of  primary  and  secondary  control  surfaces  for 
maneuvering.  Primary  flight  control  surfaces  are  used  for  pitch,  roll,  and  yaw  control. 
They  are  comprised  of  the  canard,  flaperons  (flaps  and  ailerons),  and  rudder  [2]. 
Secondary  flight  surfaces  provide  increased  lift  control  by  increasing  wing  camber  and 
improving  wing  aerodynamics.  However,  increased  lift  control  amplifies  drag  [3]. 
Combat  aircraft  are  highly  agile,  maneuverable  during  flight,  and  have  high  thrust 
capabilities  which  can  overcome  this  drag. 

Flight  control  linkage  systems  connect  the  pilot  with  the  control  surfaces  responsible 
for  maneuvering  [4],  The  linkage  evolved  from  manually  operated  direct  mechanical 
rods,  levers,  cables,  and  pulleys  to  fully  power  operated  hydraulic  control.  This,  in  turn, 


1 

Approved  for  public  release;  distribution  unlimited. 


evolved  into  ‘Fly-by- wire’,  where  direct  mechanical  linkages  between  the  cockpit 
controls  and  the  control  surfaces  were  replaced  by  electrical  signaling  [5]. 

Fly-by-wire  provides  the  pilot  with  the  mechanical  advantage  necessary  to 
execute  maneuvering  commands  under  enormous  loads  in  high  speed  flight  and  offer 
artificial  feel  through  feedback  so  the  pilot  is  not  flying  blind.  Aeronautical  and  space 
programs  are  interested  in  developing  reliable  power-by-wire  actuation  systems  to 
replace  existing  hydraulic  actuation  systems  for  flight  surface  controls  in  order  to 
improve  efficiency,  reliability,  and  maintainability  [6].  The  Air  Force,  Navy,  and  NASA 
collaborated  together  to  create  the  Electrically  Powered  Actuation  Design  (EPAD) 
program  to  develop  and  validate  power-by-wire  actuation  technology  through  flight  tests 
on  a  primary  flight  control  surface  of  a  tactical  aircraft  [7].  The  EPAD  program  replaced 
standard  hydraulic  actuators  on  the  left  aileron  of  the  NASA  F/A- 1 8B  Systems  Research 
Aircraft  (SRA)  with  electromechanical  actuators  (EMA)  flown  throughout  the  SRA  flight 
envelope.  The  two  primary  pieces  of  hardware  making  up  the  system  were  the  EMA  and 
its  Power  Control  and  Monitor  Electronics  or  PCME.  Figure  1  shows  both  devices. 


Figure  1  -  EPAD  Program’s  electromechanical  actuator  and  power  control  and  monitor  electronics  [7] 
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During  flight  tests,  positions  of  EMA  controlled  left  aileron  and  hydraulic 
controlled  right  aileron  were  recorded  and  compared  to  assess  the  EMA  perfonnance. 
Other  parameters,  such  as  flight  profile,  actuator  and  motor  control  electronics 
temperature,  voltage,  and  current  were  also  recorded  during  the  flight  test  [7].  The 
lessons  learned  and  unresolved  research  areas  provide  the  basis  for  the  Electromechanical 
Actuation  System  Integration  and  Thermal  Management  project.  This  project  is  to  better 
understand  the  thennal  management  issues  associated  with  EM  AS  for  in  flight  scenarios. 
It  was  thought  before  the  flight  test  that  highly  transient  actuation  loads  would  account 
for  the  majority  of  thennal  generation  over  the  duration  of  a  mission.  However,  it  was 
found  that  the  majority  of  the  heat  was  generated  during  conditions  where  the  ailerons 
were  at  full  deflection  under  constant  aero  loads,  requiring  the  servomotor  to  maintain 
constant  torque  output  causing  high  current  draw  and  heat  generation  due  to  winding 
resistance  of  the  motor  [8].  In  the  early  stages  of  electrohydraustatic  actuation  design  and 
integration,  peak  electrical  loads  on  electrical  generation  system  were  grossly 
underestimated,  thus  requiring  the  redesign  of  aircraft  electric  power  generation  systems 
[8], 

To  implement  EMA  for  aircraft  flight  critical  control  surface  actuation  with 
confidence,  it  is  important  to  understand  the  Electromechanical  Actuator  System  (EMAS) 
performance  in  terms  of  its  interaction  with  the  aircraft  electrical  power  system  and 
thermal  characteristics  over  the  flight  envelope.  An  EMAS’s  transient  behavior,  which 
includes  peak  and  regenerative  powers  [9]  and  thermal  load,  has  a  profound  influence  on 
EMA  design  and  integration  with  aircraft  electrical  power  and  structural  systems.  The 
goal  of  this  thesis  is  to  design  and  build  a  laboratory  apparatus  that  is  able  to  subject  an 
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EMA  to  a  simulated  mission  profile  and  record  the  EMA’s  perfonnance.  The  simulated 
missions  would  represent  an  aircraft’s  flight  maneuvering  (e.g.,  roll,  dive,  high  rate 
climb,  and  steady  level  flight)  and  takeoff  /  landing  approaches  when  aircraft  stall  speed 
is  a  concern  and  maximum  lift  is  required  by  control  surfaces.  Experimental  data,  such  as 
electrical,  mechanical,  the  thennal  parameters,  are  recorded  for  EMA  characterization 
and  evaluation. 
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CHAPTER  2 


BACKGROUND 


The  earliest  successful  form  of  flight  surface  control  of  an  aircraft  was  wing 
warping,  originally  developed  by  the  Wright  Brothers  in  the  early  20th  century  [10]. 

Wing  warping  involved  a  system  of  pulleys  and  cables  affixed  to  the  trailing  edges  of  the 
wing  that  would  twist  each  end  of  the  wing  in  opposite  directions.  This  mechanical  flight 
control  system  was  controlled  by  the  use  of  a  yoke,  also  known  as  a  control  column  or 
center  stick  located  in  the  cockpit.  This  concept  involved  flexing  of  aircraft  structural 
members  unfortunately  made  maneuvering  difficult  to  control  and  was  susceptible  to 
failure  in  flight.  These  relatively  soft  wings  were  replaced  with  a  more  rigid  wing  design 
in  order  to  compensate  for  the  increased  speeds  in  the  evolution  of  aircraft.  As  a  result  of 
the  wings  becoming  stiffen,  wing  warping  was  replaced  by  aileron  controls  [11].  The  use 
of  ailerons  made  flight  maneuverability  easier  to  control  and  also  eliminated  the  need  to 
flex  the  structural  members  of  the  aircraft.  This  manual  flight  control  system  used  push 
rods,  tension  cables,  pulleys,  counterweights,  and  sometimes  chains  to  transmit  the  forces 
applied  by  the  pilot  from  the  yoke  directly  to  the  control  surfaces  on  the  aircraft.  As 
aircraft  grew  in  size,  speed,  and  performance,  the  pilot  could  no  longer  handle  the 
aerodynamic  forces  applied  to  the  flight  control  surfaces.  In  the  1940s,  hydro-mechanical 
systems  were  used  to  overcome  the  limitations  of  the  pilot  and  the  manual  flight  control 
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system  while  still  giving  the  pilot  the  ability  to  sense  small  forces  proportional  to  aero 
loads  on  the  aircraft  [5]  [12].  There  are  two  parts  to  the  hydraulic  actuation  system 
(HAS),  the  mechanical  circuit  and  the  hydraulic  circuit.  The  mechanical  circuit  linked 
the  cockpit  controls  with  the  hydraulic  circuits  similar  to  the  old  mechanical  flight  control 
system  with  the  use  of  rods,  pulleys,  and  chains.  The  hydraulic  circuit  used  hydraulic 
pumps,  reservoirs,  pipes  and  valves  to  control  the  flight  control  surface.  The  hydraulic 
pumps  generated  hydraulic  pressure  which,  in  turn,  powered  the  actuator  which  would 
move  the  flight  control  surface  to  the  desired  position  [13].  The  HAS  used  three  separate 
components  in  its  design:  hydraulic  supply  system,  valves  and  connections  associated 
with  the  control  network,  and  actuators.  It  only  takes  one  of  these  systems  to  fail  to  make 
the  aircraft  inoperable.  Because  the  hydraulic  system  is  constantly  on  and  under  high 
pressure,  even  when  the  actuator  is  not  moving,  its  efficiency  is  very  low.  Also  leakage  of 
the  hydraulic  lines  at  several  thousand  psi  resulted  in  high  maintenance  cost. 

To  replace  the  HAS,  the  Electro-hydrostatic  actuator  system  (EHAS)  was 
implemented  in  the  past  two  decades.  The  EHAS  was  first  introduced  commercially  in 
the  Airbus  A380  in  1995  [14]  [15].  The  EHAS  is  a  localized  hydraulic  system, 
composed  of  a  local  fluid  reservoir,  a  pump  driven  by  an  electric  motor,  and  an  actuator. 
The  pump  is  on  only  when  the  actuator  is  moving.  The  EHAS  uses  a  high  powered  motor 
that  moves  to  a  fixed  angle  repeatedly  and  accurately  [16].  The  motor  in  the  EHA  is  used 
to  drive  a  reversible  pump  tied  to  a  hydraulic  cylinder  which  moves  fluid  in  order  to 
pressurize  or  depressurize  the  cylinder,  causing  the  piston  inside  to  move  back  and  forth. 
This  piston  is  directly  linked  to  the  actuator  ann,  so  when  it  moves,  the  actuator  moves, 
see  Figure  2a.  The  EHAS  encompasses  all  of  these  components  into  one  packaged  unit. 
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In  addition,  the  EHAS  only  draws  power  when  the  actuator  is  being  moved,  meaning  the 
pressure  is  maintained  when  the  motor  stops.  This  behavior  is  in  contrast  to  that  of  the 
HAS  where  the  hydraulic  pumps  are  on  continuously  to  maintain  a  constant  pressure 
which  is  a  large  power  drain.  Functioning  in  power  on  demand  mode,  The  use  of  the 
EHAS  significantly  reduced  power  consumption.  Another  advantage  in  using  is  weight 
reduction  due  to  the  elimination  of  centralized  hydraulic  piping  lines.  However,  fluid 
leakage  and  associated  maintenance  still  remains  [17].  In  addition,  there  is  a  new 
challenge  associated  with  EHAS,  which  is  the  thermal  management.  In  the  HAS  the 
circulating  hydraulic  fluid  acts  as  a  temperature  regulator,  while  in  EHAS  the  fluid  could 
get  too  cold  or  the  system  too  hot. 

Finally,  an  increasing  pace  in  aviation  towards  a  MEA  through  advancement  in 
pennanent  magnet  direct  current  (PMDC)  motors  [14]  operating  at  270  VDC,  high  power 
solid  state  switching  devices,  and  lightweight  microprocessors  yielded  the  EMAS  which 
completely  eliminated  the  need  for  hydraulic  fluid  [18].  EMAS  utilizes  power  drive 
electronics  to  drive  a  PMDC  motor  operating  a  reduction  gear  box  followed  by  a  rotary  to 
linear  conversion  device  such  as  a  ball  screw/nut  assembly  attached  to  the  control  surface 
linkage  (Figure  2b).  EMAS  offer  features  such  as  power  on  demand,  increased  stiffness, 
reduced  weight  and  maintenance,  and  a  reduction  in  lifecycle  costs  [19]  [20].  The  EMA 
is  an  appealing  alternative  to  EHA,  since  it  allows  the  elimination  of  local  hydraulic 
circuits,  implying  a  significant  maintenance  cost  reduction  due  to  the  absence  of  wearing 
parts  such  as  seals  [20].  They  provide  an  energy  efficient  means  to  flight  surface  control, 
thus  reducing  loads  required  by  conventional  hydraulic  systems  [21].  However,  electro¬ 
mechanical  actuators  still  lack  the  knowledge  base  relative  to  other  fielded  actuator  types, 
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particularly  with  regard  to  thermal  management  issues  [22]  [23].  Therefore,  an  effort  was 
undertaken  to  characterize  energy  loads  associated  with  this  alternative  actuation  and  its 
systems  level  effect.  The  research  described  in  this  thesis  is  directly  correlated  to 
characterizing  the  electrical  and  thennal  loads  associated  with  EMAS  for  aircraft  surface 
controls. 

Reversible 


at  Bectrohy&ostatic  Actuator  (EHA)  0)  Electromechanical  Actuator  ( EMA ) 

Figure  2  -  Electro-hydrostatic  Actuator  and  an  Electro-mechanical  Actuator  [7] 


In  order  to  have  a  better  understanding  of  EMAS  for  flight  control  surfaces  and 
how  they  operate  under  real  time  flight  conditions,  test  stands  have  been  developed  to 
mimic  aero  loads  [24]  [25]  [26].  These  test  stands  are  used  for  the  prognostic  testing  of 
EMAS  that  have  had  mechanical  or  electrical  faults  injected  into  them.  The  faults  are 
incorporated  into  the  system  in  order  to  better  understand  the  EMA  reliability,  and  to  aid 
in  designing  fault  detection  software  for  real  time  flight  applications. 

Currently,  research  is  being  done  to  better  understand  aircraft  EMAS 
characteristics  under  real  time  flight  conditions.  An  example  of  such  research  which 
utilizes  a  lab  apparatus  for  testing  and  monitoring  high  perfonnance  EMAs  was 
developed  in  reference  24.  The  lab  apparatus  allowed  for  testing  up  to  two  EMAs 
operating  simultaneously.  Utilizing  a  hydraulic  actuator  to  emulate  an  aerodynamic  load, 


8 

Approved  for  public  release;  distribution  unlimited. 


the  behavior  of  real  flight  control  surfaces  in  diverse  test  conditions  was  achieved.  While 
the  lab  apparatus  was  operating,  it  measured  and  monitored  mechanical,  hydraulic  and 
electrical  parameters  while  maintaining  dynamic  control.  The  lab  apparatus  is  shown  in 
Figure  3  and  Figure  4. 


Figure  3  -  Photograph  of  Automatic  Test  Equipment  [24] 


Figure  4  -  Detail  of  Automatic  Test  Equipment  [24] 
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The  tests  run  in  the  apparatus  showed  satisfactory  results  in  simulating  real  air¬ 
craft  loads  and  recording  all  critical  parameters  to  be  analyzed.  Since  the  laboratory 
apparatus  can  also  be  used  to  study  two  EMAs  simultaneously,  future  testing  for  force 
fighting  can  be  implemented  in  the  test  profiles.  Further  improvements  need  to  be 
implemented  for  the  apparatus,  such  as  the  hydraulic  load  control,  in  which  the  hydraulic 
circuit  had  difficulty  in  following  the  imposed  profile.  Also,  the  lab  apparatus  was 
developed  to  test  a  specific  kind  of  EMA,  and  the  design  may  not  be  able  to  easily  test 
different  aircraft  EMAs.  The  sampling  frequency  of  the  data  collected  was  at  10  kHz 
which  is  low  for  recording  electrical  data.  With  such  a  low  sampling  rate  of  electrical 
data,  it  would  be  difficult  to  sample  dynamic  spikes  in  EMA  power  draw  under  various 
conditions,  especially  if  the  EMA  driver  has  a  switching  frequency  higher  than  10kHz. 

Other  research  which  utilized  a  lab  apparatus  called  the  flyable  electro¬ 
mechanical  actuator  stand  (FLEA)  to  be  placed  on  a  variety  of  aircraft  is  described  in 
reference  25.  The  goal  was  to  design  and  fly  a  self-contained  portable  test  apparatus  with 
three  actuators.  Two  actuators  would  be  tested  under  a  third  actuator  that  would 
implement  a  real  time  aero  load.  This  entire  apparatus  was  constructed  with  T-slotted 
aluminum  segments  that  were  connected  with  brackets  and  fasteners  to  allow  for  easy 
assembly  and  disassembly.  Figure  5  depicts  the  hardware  model  of  the  FLEA. 
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Figure  5  -  Hardware  model  of  the  FLEA  [25] 


One  of  the  EM  As  was  injected  with  faults  while  the  other  actuator  being  tested 
has  no  faults.  The  load  is  switched  from  the  healthy  actuator  to  the  faulty  actuator  while 
in  flight.  The  profile  of  displacement  and  load  applied  to  them  is  derived  from  real-time 
flight  data  from  one  of  the  control  surfaces  of  a  UH-60  Blackhawk  helicopter  [25]  [26]. 
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CHAPTER  3 


PURPOSE 


The  purpose  of  this  thesis  is  to  develop  a  test  apparatus  to  characterize  EMAS 
performance.  This  was  done  by  controlling  a  hydraulic  load  fixture  to  simulate  a  load  on 
the  EMA  and  record  data  using  a  data  acquisition  (DAQ)  machine  to  allow  EMA 
evaluation.  In  short,  a  linear  EMA  with  a  rotary  motor  was  placed  in  line  with  a  hydraulic 
load  fixture.  The  load  fixture  was  given  load  commands  (emulating  the  loads  that  would 
be  experienced  by  a  flight  control  surface  actuator)  while  the  EMA  was  provided  position 
commands.  The  EMA  used  to  validate  the  lab  apparatus  was  a  Danaher  Motion  EC5 
linear  actuator  driven  by  an  S610  controller.  It  perfonned  under  a  load  provided  by  an 
MTS  370. 10  22  KIP  hydraulic  load  fixture  driven  by  an  MTS  FlexTest60  controller.  The 
specifications  of  the  EMAS  and  hydraulic  load  fixture  can  be  found  in  the  Appendix  - 
Hardware  and  Control  Equipment.  The  hydraulic  load  fixture  and  EMA  are  coupled 
together  and  affect  each  other.  Specifically,  the  EMA’s  stroke  was  seen  as  a  disturbance 
to  the  hydraulic  press  as  it  attempts  to  provide  a  particular  force,  and  the  press’s  force 
was  seen  as  a  disturbance  to  the  EMA’s  stroke.  The  hydraulic  press  emulates  the  load  that 
the  EMA  must  overcome.  Stroke,  load  force,  voltages,  and  current  to  the  EMA,  and 

temperatures  at  selected  locations  in  and  on  the  motor  and  controller  were  recorded. 
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Additionally,  mechanical,  thermal  and  electrical  parameters  were  measured  at  high 
sampling  rates  to  identify  stresses  associated  with  varying  mission  profiles.  These  were 
recorded  using  National  Instruments  (NI)  DAQ. 

Along  with  a  simulated  mission  profile  based  on  NASA  Dryden  flight  test  study 
[7],  several  artificial  mission  profiles  were  generated  to  aid  in  the  characterization  of 
various  EMA  performance  measures.  These  profiles  are  designed  to  evaluate  various 
characteristics  of  EMAs  that  are  important  parameters  of  any  aircraft  flight  control 
actuator.  A  more  detailed  description  of  the  test  setup  and  procedure  can  be  found  in  the 
Experimental  Apparatus  section  of  this  thesis. 
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CHAPTER  4 


EXPERIMENTAL  APPARATUS 


A  laboratory  test  apparatus,  including  hardware,  control  software,  data  acquisition 
system,  and  test  methodology  was  developed  to  simulate  flight  control  conditions  to 
study  and  test  EMAS’s  perfonnance.  During  testing,  the  DAQ  will  record  the  EMA’s 
mechanical,  electrical,  and  thermal  responses.  Additionally,  a  control  block  which  would 
execute  commands,  maintain  stability  of  the  experiment,  and  trigger  measurement  by  the 
acquisition  equipment  at  consistent  time  intervals  with  the  use  of  NI  Lab  VIEW  Real 
Time  was  created.  Finally,  rate  limits  based  on  the  specifications  of  each  test  component 
was  evaluated  in  order  to  constrain  the  testing  range  to  a  safe  test  envelope  for  the  EMA 
being  used. 

Test  Methodology 

A  hydraulic  load  fixture  was  controlled  to  simulate  aero  loads  an  EMA  would 
experience  in  flight  while  the  EMA  was  commanded  a  motion  profile  corresponding  to 
the  loads.  A  NI  instrument  based  DAQ  system  was  assembled  to  record  mechanical, 
electrical  and  thennal  data  that  could  be  used  to  evaluate  the  EMA  was  tested.  A 
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Lab  VIEW  based  control  program  synchronized  the  action  of  the  hydraulic  load,  EMA 
motion,  and  data  recording. 


Test  Apparatus 

The  overall  test  setup  included  mechanical  hardware,  control  hardware,  and  a  data 
acquisition  system.  Figure  6  is  a  schematic  of  the  test  apparatus  setup.  Thermocouples 
were  embedded  in  the  servomotor  and  EMA  electronic  control  box.  The  force 
experienced  by  the  EMA  was  measured  by  a  load  cell  on  the  hydraulic  load  fixture.  The 
position  of  the  EMA  ram  was  measured  by  a  digital  encoder  built  into  the  motor  and 
converted  to  a  linear  position  by  the  driver  (EMA  Signal  in  Figure  6).  These 
measurements  permitted  evaluation  of  dynamic  control  associated  with  the  experiment  in 
addition  to  EMAS  abilities.  More  specific  information  such  as  images  and  technical 
details  for  each  hardware,  control,  and  DAQ  device  can  be  found  in  Appendix  A. 


LC:  Load  Cell 
G:  Geartrain 
M:  Motor 

HR:  Hydraulic  Ram 


Figure  6  -  Schematic  of  Experiment  Test  Setup 
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Characterizing  Mechanical  Hardware 

The  main  hardware  that  is  being  used  for  the  testing  apparatus  is  a  load  fixture,  in 
this  case  a  MTS  hydraulic  load  frame  which  is  used  to  provide  load  to  an  EMA  under 
evaluation.  The  force,  displacement,  and  frequency  parameters  that  were  chosen  were 
based  on  the  NASA  Dryden  EPAD  study.  The  stroke  displacement  from  this  study  was 
4.5  inches  (1 14.3  mm),  the  max  frequency  dynamically  that  was  2  Hz,  and  the  maximum 
load  was  13,200  lbf(58,716N)  [4]. 

The  press  being  used  for  the  EMA  test  apparatus  is  an  MTS  370.10  22KIP  load 
frame  with  an  MTS  661.20H-03  load  cell  operated  by  a  Flex  Test  60  controller.  The 
software  being  used  to  operate  the  MTS  press  is  Station  Manager.  In  order  to  have  a 
better  understanding  of  our  test  equipment’s  capabilities,  a  series  of  tests  were  run  to 
make  sure  that  the  hydraulic  load  frame  was  up  to  the  standards  needed  for  use  in  a 
simulated  flight  test  profile. 

Press  frequency  sweeps 

Frequency  sweeps  were  run  without  any  filtering  on  the  Press  using  1500  N,  and 
13  kN.  Figure  7  is  the  lab  apparatus  used  in  running  the  frequency  sweeps  of  the  MTS 
press.  Two  aluminum  plates  were  bolted  together  with  steel  bolts,  the  top  plate  is 
threaded  into  the  load  cell  while  the  bottom  plate  is  threaded  into  the  press  hydraulic  arm. 
This  was  set  up  so  that  a  stiff  specimen  could  be  inside  the  load  fixture  (between  the 
actuator  arm  of  the  load  fixture  and  the  load  cell)  in  order  to  run  force  frequency  sweeps 
and  minimal  displacement.  The  limiting  factor  for  force  would  be  the  strength  of  the 
aluminum  and  the  steel  bolts.  The  frequency  sweep  test  was  done  to  confirm  that  the 
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hydraulic  load  fixture  could  reach  loading  frequencies  that  are  normally  subjected  to  an 
aircraft  primary  control  surface. 


Figure  7  -  Hydraulic  Press  Frequency  Sweep 


Two  aluminum  plates  were  mated  about  their  diameter  by  (4)  !4  inch  bolts/nuts. 


The  equation  for  Vi  inch  bolt  tensile  stress  area  is: 

As  =  0.7854  [D  -  (0.9743/n)]2 


(1) 
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Where  As  is  the  stress  area  (in  sq.),  D  is  the  nominal  bolt  diameter  in  inch,  and  n  is  the 
number  of  threads  per  inch.  Given  D  =  0.5  in  and  n  =  13,  the  stress  area  is  0.14  in  ,  and 
the  minimum  tensile  strength  of  Vi  inch  bolt  is  36000  psi.  Since  there  are  four  bolts,  the 
maximum  calculated  force  that  can  be  applied  before  failure  of  the  bolts  is  36,000  psi 
multiplied  by  the  stress  area  which  was  0. 14  in".  This  is  then  multiplied  by  the  number  of 
bolts  which  is  four.  The  maximum  force  calculated  was  20,160  lbf  which  is  close  to  the 
maximum  force  of  the  load  fixture,  22  kips. 

Figure  8  is  the  frequency  sweep  resulting  from  a  load  of  1500  N.  This  plot  shows 
that  the  load  fixture  follows  the  force  sweep  very  well  in  the  lower  frequency  portion  of 
the  profile  then  it  gradually  starts  to  overshoot  the  desired  load  as  the  frequency 
increases.  Figure  9  demonstrates  the  tight  force  control  of  the  hydraulic  load  fixture  as 
the  frequency  increases  from  0  to  2  Hz.  At  the  end  of  the  frequency  sweep  (near  39  Hz), 
Figure  10  shows  that  the  control  of  the  press  has  diminished  because  the  overshooting 
amplitudes  and  becoming  out  of  phase  with  the  commanded  input  force. 
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Figure  8  -  1500  N  Frequency  Sweep  for  Press 


1 500  N  0-40Hz  Sine  sweep 
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1 500  N  0-40H*  Sine  sweep 


Figure  9  -  Close  up  view  of  the  first  2  Hz  of  the  1500  N  frequency  sweep 


1500N  0*40Hz  Sine  sweep 


Figure  10  -  Close  up  section  near  39  Hz  of  the  1500  N  frequency  sweep 

Figure  1 1  is  a  Bode  Plot  of  the  hydraulic  load  fixture  frequency  response  under  1500  N. 

It  shows  that  the  response  was  45°  out  of  phase  at  approximately  13  Hz  and  reached  3  dB 
in  magnitude  at  approximately  30  Hz. 
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Bode  Plot 


Figure  1 1  -  Hydraulic  Press  Bode  Plot  at  1500  N 


Figure  12,  Figure  13,  and  Figure  14  are  the  frequency  sweep  result  of  the  load  fixture 
under  a  load  of  13  kN.  They  show  that  the  hydraulic  load  fixture  follows  the  force  sweep 
very  well  in  the  beginning  of  the  sweep,  but  just  like  in  the  1500  N  sweep,  the  force 
control  starts  to  degrade  with  increasing  frequency.  The  test  only  went  to  13  Hz  because 
the  test  specimen  (2  aluminum  plates)  was  flexing  and  chattering,  so  the  test  was  stopped 
for  safety  purposes. 
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Force  (N)  Force  (N) 


13kN  0-1 3Hz  Sine  sweep 


20000 


5  7.5 
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Figure  12  -  Frequency  sweep  of  press  with  13  kN  amplitudes 


1 3kN  0- 1 3Hz  Sine  sweep 


Frequency  (Hz) 


Figure  13  -  Close  up  view  of  the  first  1  Hz  of  the  13  kN  frequency  sweep 
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1 3kN  0- 1 3Hz  Sine  sweep 


Figure  14  -  Close  up  section  at  the  end  of  the  of  the  13  kN  frequency  sweep 


Figure  15  is  a  Bode  Plot  of  the  hydraulic  load  fixture  response  under  13  kN.  It  shows  that 
the  phase  lag  grew  linearly  from  0  to  35°  near  12  Hz.  The  magnitude  became  erratic  after 
12.7  Hz. 


Bode  Plot 


Figure  15  -  Hydraulic  Press  Bode  Plot  13  kN 
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Based  on  the  two  hydraulic  load  fixture  frequency  response  tests,  it  was 
concluded  that  the  hydraulic  load  fixture  is  capable  of  replicating  dynamic  force  profiles 
up  to  30  Hz  at  al500  N  amplitude  and  up  to  12  Hz  at  13  kN.  Both  results  are  greater  than 
typical  mechanical  frequencies  experienced  by  an  EMAS  (10  Hz)  and,  therefore, 
substantiate  the  use  of  the  hydraulic  load  fixture  to  replicate  aerodynamic  loads  of  a  flight 
control  surface. 

Recording  Mechanical  Behavior 

Actuator  load,  stroke,  and  temperatures  of  the  motor  winding  and  controllers  are 
recorded  to  characterize  the  EMA’s  mechanical  behavior.  Aircraft  flight  control  actuators 
have  a  frequency  response  of  6  Hz  to  8  Hz.  Future  military  fighters  could  have  as  high  as 
10  Hz  frequency  response  rates.  A  sampling  rate  of  3000  samples  per  second  was  chosen 
for  the  actuator  load  and  stroke.  During  testing,  electrical  disturbance  was  found,  signal 
to  noise  ratio  (SNR),  on  the  stroke  and  force  recorded  signals.  To  mitigate  the  noise 
imposed  on  the  mechanical  signal,  two  2nd  order  low  pass  filters  were  incorporated  for 
stroke  and  force  recorded  signals.  The  filters  were  constructed  with  a  cutoff  frequency  of 
1000  Hz  to  eliminate  high  frequency  content  of  the  16  kHz  switching  frequency  from  the 
IGBTs  (Insulated  Gate  Bipolar  Transistor)  in  the  motor  controller  switchmode  noise  and 
the  MTS  Systems  load  frame  controller  chassis  power  supply  noise,  but  not  attenuate 
actual  mechanical  frequencies  experienced  by  the  actuator.  The  filters  greatly  improved 
the  ratio  of  signal  to  noise  information  (Figure  16  and  Figure  17). 
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Filtered  and  Unfiltered  Recorded  Force 
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Figure  16  -  Filtered  Force  Signal 


Filtered  and  Unfiltered  Displacement  Recorded 
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Figure  17  -  Filtered  Displacement  Signal 
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Recording  Thermal  Behavior 

Temperatures  at  various  points  in  and  on  the  motor  were  recorded.  Because  the 
motor  has  such  a  large  thermal  mass  the  temperature  recording  is  a  fairly  low  frequency 
task.  However,  we  are  interested  in  the  temperature  variation  of  small  electrical 
components  as  well.  These  components  have  much  less  thermal  mass  resulting  in  a  much 
higher  rate  of  temperature  change.  Additionally,  a  number  of  the  mechanical  profiles  are 
less  than  10  seconds.  In  order  to  capture  relevant  thennal  information  over  such  a  short 
test,  the  sampling  rate  would  have  to  be  less  than  1  second.  Therefore,  a  sampling 
frequency  of  10  Hz  was  chosen  for  recording  thermal  data.  The  thennocouples  for 
recording  temperature  were  located  at  the  motor’s  end  turn  winding  for  the  three  phases 
of  the  motor  (which  are  expected  to  be  the  hottest  spots  inside  the  motor),  motor  surface, 
power  electronics  case,  IGBT  heat  sink,  transistor,  regenerative  power  resister,  heat  sink 
fin  base,  and  environment  surrounding  the  motor.  Figure  18  and  Figure  19  show  the 
placement  of  these  thennocouples  in  the  motor  and  controller  of  the  EMAS. 
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Motor  TCI 


Motor  TC  2 


Motor  TC3 


3  Thermocouples  were 
placed  inside  the  Motor  at 
the  end  of  the  3  winding 
rums  (hottest  spots  in  motor) 


Figure  18  -  Thermocouple  Placement  in  the  Motor  of  the  EMAS  [1] 

Both  servodrives  were  instrumented  with  thermocouples  (TCs)  on  traditionally 
heat  intensive  components.  Drive  1  in  the  dual  drive  setup  functioned  primarily  as  the 
EMA  control  generating  a  pulse  width  modulation  (PWM)  power  to  drive  the  EMA 
motor  while  Drive  2  provided  240  VAC  mains  supply  rectification  to  330  VDC.  Figure 
19  is  an  overview  of  thermocouple  locations  and  their  placement  relative  to  the  dual  drive 
setup. 
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TC5:  IGBT  Heat  Spreader  in  Drive  1 

TC  6:  IGBT  Heat  Spreader  in  Drive  1 

TC7:  IGBT  Heat  Spreader  in  Drive  1 

TC  13:  Heat  Sink  Ambient  near  Case  in  Drive  1 

TC  14:  HeatSink  Fin  Base  in  Drive  1 


TC  0:  Motor  Winding  near  End  Turn 
TC  1:  Motor  Winding  near  End  Turn 
TC  2:  Motor  Winding  near  End  Turn 
TC  10:  MotorCase 


TC  15:  Motor  Ambient  near  Case 


TC  16:  Chamber  Ambient 


Figure  19  -  Thermocouple  Identification  [1] 


Drive  1  ’s  board  was  removed  from  its  case,  and  the  heat  sink  shown  in  Figure  20 
was  detached.  The  red  rectangle  highlights  the  heat  spreader  housing  six  primary  IGBT 
switches.  Points  5,  6,  and  7  denote  the  location  of  TC  5:  IGBT  heat  spreader,  TC  6:  IGBT 
heat  spreader,  and  TC  7:  IGBT  heat  spreader.  TC  13  was  placed  in  the  center  of  the  heat 
sink  half  the  distance  between  the  fin  base  and  end.  TC  13  has  no  contact  with  the  heat 
sink  and,  therefore,  was  named  TC  13:  Heat  sink  ambient  near  case.  TC  14:  Heat  sink  fin 
base  was  placed  in  the  same  trough  as  TC  13  but  in  contact  with  the  fin  base. 
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Figure  20  -  Heat  sink  (left)  and  Servodrive  board  (Right)  [1] 


In  order  to  reassemble  the  heat  sink  atop  the  heat  spreader  with  thermocouples, 
three  equally  spaced  trenches  were  machined  into  the  heat  sink.  Figure  2 1  is  a  three 
dimensional  design  of  the  heat  sink  and  the  corresponding  thermocouple  trenches. 
Thermal  compound  was  used  near  these  locations  to  reduce  thermal  resistance  between 
the  heat  spreader  and  heat  sink. 


TC  7 
TC~6 
TC  5 


Figure  21  -  Underside  of  heat  sink  with  placement  of  thermocouples  shown  [1] 


Figure  22  demonstrates  the  use  of  electrically  insulated  kapton  tape  to  help  route  TC 
leads  from  the  point  of  measurement  to  outside  the  driver  case. 


28 

Approved  for  public  release;  distribution  unlimited. 


Figure  22  -  Thermocouples  embedded  in  Drive  1 

Drive  2’s  board  was  removed  from  its  case,  and  the  heat  sink  shown  in  Figure  23 
was  detached.  The  red  rectangle  highlights  the  regenerative  resistor  (33  f2),  responsible 
for  dissipating  energy  during  regeneration.  TC  9:  Regen  resistor  was  place  atop  the 
regenerative  resistor  near  the  center  of  its  longitudinal  axis.  TC  8:  Regen  Transistor  was 
placed  on  the  case  of  the  transistor  or  switch  responsible  for  opening  and  closing  of  the 
regenerative  circuit.  Figure  24  shows  how  TC  8  and  9  leads  were  molded  for  best  fit  and 
secured  with  kapton  tape. 
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Figure  23  -  Servodrive  board  with  Heat  Sink  (left)  and  without  Fleat  Sink  (Right)  [1] 


Figure  24  -  Thermocouples  embedded  in  Drive  2  [1] 


Figure  25  shows  the  final  result  of  drive  fabrication  for  thermal  instrumentation. 
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Figure  25  -  Servodrive  System  Completed  with  Thermocouples  [1] 


High  Speed  DAQ 

The  term  high  speed  DAQ  system  refers  to  components  and  methods  used  to 
record  electrical  data.  Electrical  measurements  were  made  from  the  three  phase  lines 
leaving  the  controller  and  running  to  the  EMA  motor.  Figure  26  shows  more  closely  the 
method  of  measuring  voltage  and  current  on  the  three  phase  circuit  to  the  motor.  Current 
A  and  current  B  refer  to  the  line  current  on  two  of  the  legs  of  the  three  phase  circuit,  legs 
A  and  B.  Voltage  A  and  B  are  line-to-line  voltages  of  legs  A  and  B  with  respect  to  the 
third  leg,  Leg  C. 
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Figure  26  -  Measurements  made  on  3  Motor  Phases 


Based  on  these  measured  values  and  the  effective  circuit  containing  a  (balanced 
three  phase)  wye-connected  motor,  circuit  analysis  leads  to  total  instantaneous  power  as 
the  sum  of  instantaneous  power  on  phase  A  and  phase  B  [27] . This  was  the  foundation  for 
calculating  electrical  work  done  on  the  motor  under  a  conservation  of  energy  approach. 
Figure  27  is  a  diagram  of  the  analogous  circuit  made  up  of  the  source  (driver)  and  load 
(motor)  and  corresponding  resistance  of  each  phase.  Utilizing  Ohm’s  Law,  Watt’s  Law, 
and  Kirchhoff  s  voltage/current  Laws,  the  Two  Watt  Meter  Method  can  be  derived  for 
calculating  total  power  in  the  circuit. 
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A 


V 


B 


Figure  27  -  Electrical  Measurements 


Ohm’s  Law: 


V  =  IR 


(1) 


Watt’s  Law: 


P 


Power  dissipated  across  Resistor  A: 


PRA  =  (Ya  ~  Vn)  *  U 


Power  dissipated  across  Resistor  B: 


PrB  =  (yB  -  Vn)  *  lB 


(2) 

(3) 

(4) 


Power  dissipated  across  Resistor  n: 


PRn  =  Vn  *  ^  (5) 

From  Knchhoff  s  law,  current  on  third  leg  is  sum  of  current  on  other  two  legs: 

In  =  U  +  lB  (6) 


Total  power  is  the  sum  of  power  on  each  leg: 


Ptot  ~  PrA  +  PrB  +  P Rn 

Substituting  equations  3,  4,  and  5  gives: 

Ptot  =  (vA-vn)*iA  +  (yB-vn)*iB  +  vn*in 


(7) 
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(8) 


From  equation  6,  Ptot  simplifies  to: 


Ptot  —  Va  *  Ia  +  Vb  *  h 


(9) 


In  addition  to  motor  voltage  and  current,  DC  bus  voltage  and  current  were  measured.  The 
voltage  and  current  were  measured  on  the  DC  bus  inside  the  controller  to  determine  what 
power  was  being  sent  to  the  EMA  motor  during  specific  tests.  The  motor  controller  used 
for  this  experiment  does  not  have  access  terminals  for  DC  bus  voltage  and  current 
measurement.  Two  identical  controllers  were  modified  in  a  daisy-chain  fashion  to  gain 
access  to  bus  voltage  and  current.  A  schematic  of  this  set  up  can  is  shown  in  Figure  28 
and  Figure  29. 


Figure  28  -  Schematic  for  capturing  DC  bus  current  and  voltage 
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Rectifier 


DC  bus  Current 
Recording 


The  electromagnetic  interference  (EMI)  filter  was  removed  from  Drive  1  in  order 
to  sever  the  DC  link  so  that  the  input  voltage  goes  through  the  rectifier  on  Drive  2,  down 
the  DC  bus  on  Drive  2  then  back  over  to  Drive  1 ,  via  the  new  external  DC  link,  to  be 
inverted  and  power  the  motor.  The  drives  were  set  up  this  way  in  order  to  measure  DC 
current  and  voltage  across  the  DC  bus  as  shown  above.  This  method  was  required  in 
order  to  “trick”  Drive  1  into  sensing  that  it  was  being  powered  via  its  input  voltage  and 
rectifier.)  In  order  to  capture  any  back  flow  of  current  from  the  motor,  through  the 
inverter,  the  capacitance  was  removed  from  Drive  1  to  accommodate  measurement 
between  the  capacitance  and  the  inverter. 

The  BNC  2111  breakout  board  provided  a  connection  between  the  output  of  the 
sensors  and  the  input  of  the  PXIe-6366  DAQ  board.  High  speed  DAQ  operation  was 
compiled  in  Lab  VIEW  Control  VI  software  which  was  responsible  for  sampling  data  at 
more  than  a  sample  every  1  ms  so  that  transient  electrical  data  could  accurately  recorded. 
Figure  30  outlines  these  components  and  their  interactions  for  electrical  measurements. 
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Figure  30  -  High  Speed  Data  Acquisition  System 


After  testing  and  recording  data  with  the  current  hall  effect  sensor  on  the  EMA 
DC  bus,  it  was  found  that  high  signal  bandwidth  measurement,  specialized  data 
processing  algorithms,  and  dynamic  sensor  calibration  are  all  required  to  accurately 
measure  DC  bus  current.  The  combination  of  all  these  items  was  found  not  to  be 
achievable  within  the  scope  of  work  for  the  project.  Therefore,  a  search  process  was 
undertaken  and  a  data  logging  power  analyzer,  Newton’s  4th,  was  found  with  the  needed 
capability.  It  had  the  best  cost  and  schedule  tradeoff  for  obtaining  accurate,  traceable 
measurements.  The  Newton’s  4th  power  analyzer  was  connected  to  the  external  DC  link 
created  on  the  EMA  drivers  to  record  DC  bus  voltage  and  current  during  a  test.  The 
Newton’s  4th  ended  up  operating  in  three  wattmeter  configuration  to  achieve  maximum 
data  throughput.  This  data  was  stored  on  the  internal  flash  memory  of  the  power  analyzer 
and  then  extracted  with  the  use  of  a  thumb  drive. 
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Low  Speed  DAQ 

Components  and  their  interconnection  to  record  temperature  measurements  are 
highlighted  below  in  Figure  3 1 .  The  low  speed  DAQ  system  is  responsible  for 
temperature  measurement  acquisition  where  data  is  being  sampled  at  10  Hz.  A  total  of  12 
type  T  thermocouples  were  used  in  this  process.  For  the  motor,  there  are  three  TCs  inside 
the  motor  on  the  end  turns  of  the  windings,  one  TC  on  the  motor  case  outer  surface,  and 
one  TC  in  ambient  near  the  motor  case.  There  are  seven  TCs  within  the  driver  to 
measure  the  temperature  of  transistor,  heat  spreaders  of  regenerative  resistor  and  IGBTs, 
and  ambient  air  near  motor  drive  heat  sink.  Thermal  DAQ  operation  is  compiled  in  the 
Lab  VIEW  control  block.  Thermal  data  is  recorded  in  a  CSV  format  and  saved  to  the  NI 
machine.  The  low  speed  DAQ  system  includes  a  terminal  block  where  the  TC  signal 
connections  are  organized. 


3  Built-in  type-T  TCs 
1  TCon  Motor  Case 
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CHAPTER  5 


CALIBRATION  AND  UNCERTAINTY 


Measurement  uncertainties  can  come  from  the  measuring  instrument,  from  the 
item  being  measured,  from  the  environment,  from  the  operator,  and  from  other  sources 
[28].  To  bound  the  uncertainty  of  the  parameters,  each  measurement  device,  sensor,  or 
transducer  used  for  data  collection  was  calibrated  against  a  known  input.  Uncertainty 
analysis  for  all  the  measured  and  derived  parameters  was  carried  out. 

For  position  measurement,  four  independent  transducers  are  used,  a  linear 
variable  differential  transformer  (LVDT)  within  the  MTS  load  frame,  an  external  LVDT 
fastened  to  actuator  ram,  an  external  dial  fastened  to  actuator  ram,  and  the  motor’s 
encoder.  The  MTS  LVDT  was  calibrated  by  University  of  Dayton  Research  Institute 
(UDRI)  personnel  in  2014.  It  had  a  maximum  uncertainty  of  ±0.3  mm  over  a  range  of 
±140  mm.  The  external  LVDT’s  specification  sheet  indicates  a  linearity  of  0.45%  over  a 
linear  range  of  ±76.2  mm.  This  indicates  that  the  external  LVDT  maximum  uncertainty  is 
±0.3429  mm.  Linearity  from  the  specification  sheet  was  used  because  there  was  no  other 
hardware  in  the  lab  that  had  ten  times  more  accuracy  than  the  linearity  of  the  LVDT  for 
the  ±76.2  mm  range.  The  external  dial  and  the  motor  position  readout  on  the  control 
screen  were  manually  recorded  in  step  response  measurement.  The  external  dial  has  a 
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readout  resolution  of  1/1000  inch.  Its  uncertainty,  therefore,  is  ±0.0127  mm.  The  motor 
position  displayed  on  the  control  screen  is  in  increments  of  10  micrometers.  Therefore, 
the  motor  position  uncertainty  in  step  response  is  ±0.005  mm. 

For  load  measurement,  a  load  cell  is  attached  to  the  MTS  load  frame.  It  was 
calibrated  by  UDRI  personnel  in  2014.  Its  uncertainty  is  ±8.6  N  force  over  a  ±4350  N 
range. 

The  voltage  transducer  is  a  Tektronix  P5200  Voltage  probe  rated  to  1300  V  and 
providing  500X  attenuation.  The  planned  experiment  includes  nominal  driver  voltages  of 
320  VDC  and  possible  spikes  of  900  V.  In  order  to  quantify  the  voltage  probe 
uncertainty,  a  calibration  process  was  undertaken  utilizing  a  high  voltage  DC  source  as 
power  input  and  a  high  precision  digital  voltmeter  as  calibration  standard.  The  high 
precision  digital  voltmeter  is  a  HP  3456A  Digital  Voltmeter.  Its  uncertainty  is  ±  0.06%  of 
±899.5  VDC,  which  is  ±0.54  V.  During  the  calibration,  the  output  of  the  high  DC  voltage 
source  was  varied  from  -900VDC  to  900VDC  at  increments  of  50  VDC.  The 
measurements  of  the  DC  voltage  source  output  by  both  the  voltage  probe  and  HP3456A 
were  recorded  by  a  Lab  VIEW  control  program.  At  each  calibration  voltage,  1000 
samples  were  recorded  and  averaged.  This  process  was  repeated  5  times  at  each  fixed 
level  of  voltage.  The  maximum  absolute  error  of  the  voltage  probe  against  the  HP 
voltmeter  was  0.81  V.  The  overall  maximum  uncertainty  of  the  voltage  probe  is  the  sum 
of  the  HP  voltmeter  error  and  the  maximum  curve  fitting  error,  i.e.  ±0.54  V  ±  ±0.81  V  = 
±1.35  V. 

Current  transducer  is  a  LEM  LA  55-P  hall  effect  current  transducer  for  measuring 
DC  link  current  of  the  PMDC  motor  drive  part  of  the  electromechanical  actuation  system. 
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In  order  to  quantify  this  current  transducer  uncertainty,  a  calibration  process  was 
undertaken  which  utilized  a  DC  power  supply,  a  resistor  load  bank,  and  a  fluke 
multimeter.  A  power  supply  capable  of  60Vdc  and  50A  was  used  to  drive  various  levels 
of  known  current  through  a  resistor  load  bank.  The  current  was  recorded  by  the 
transducer  via  a  DAQ  card  and  the  fluke  multimeter.  The  fluke  multimeter,  serving  as 
the  calibration  standard,  has  an  uncertainty  of  ±  0.5%  of  ±8.6  A,  which  is  ±0.043  A. 
During  the  calibration,  current  from  the  power  supply  was  manually  incremented  by  0.5 
A  from  -9.5  A  to  9.5  A,  and  a  Lab  VIEW  control  and  measurement  program  was  created 
to  record  transducer  output  and  calculate  average  values.  At  each  level  of  fixed  current, 
the  fluke  multimeter  output  was  recorded,  1000  samples  of  transducer  output  were 
recorded,  and  the  average  of  those  1000  samples  was  calculated.  This  process  was 
repeated  5  times  at  each  fixed  level  of  current.  The  maximum  absolute  error  of  the 
current  transducer  from  the  standard  was  0.013  A.  The  overall  maximum  absolute  error 
of  the  hall  effect  current  transducer  is  the  FLUKE  Multimeter  error  plus  the  maximum 
transducer  error,  which  ended  up  being  ±0.043  A  ±  ±0.013  A  =  ±0.056  A. 

Thermocouples  for  temperature  measurement  were  calibrated  with  the  use  of  a 
thennal  bath  and  a  high  precision  RTD  which  has  an  accuracy  of  ±0.03°C.  All  of  the 
thennocouples  were  placed  around  the  RTD  in  close  proximity  to  minimize  errors.  The 
bath  was  commanded  to  reach  temperatures  between  0  °C  to  100  °C  at  5  degree  intervals. 
Once  the  RTD  read  that  the  bath  temperature  reached  equilibrium,  the  thermocouples 
were  recorded.  This  process  was  initiated  for  the  increasing  temperature  curve,  from  0  to 
100  °C,  and  for  the  decreasing  temperature  curve,  from  100  to  0  °C  to  identify  any 
hysteresis  errors.  The  maximum  difference  between  the  RTD  reading  and  the 
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thermocouples’  calibration  curve  fitting  over  the  temperature  range  of  0  °C  to  100  °C  is 
±0. 14  °C.  The  overall  uncertainty  the  thermocouples  is  the  sum  of  RTD  uncertainty  and 
the  thermocouples’  maximum  curve  fitting  error,  ±0.03  °C  +  ±0.14  °C  =  ±0.2  °C  . 

A  Newton’s  4th  Power  Analyzer  was  used  in  order  to  record  transient  electrical 
data  on  the  DC  bus.  The  power  analyzer  has  a  data  collection  rate  of  2.2Ms/sec  and  a 
data  logging  rate  of  500  Hz.  Over  a  voltage  range  of  ±1000  V  ruts,  there  is  an  accuracy  of 
±  0.836  V  and  over  a  current  range  ±10  A  mis  there  is  an  accuracy  of  ±0.0088  A.  Table  1 
summarizes  the  uncertainties. 


Table  1  -  Summary  of  measurement  uncertainty 


Measurement 

Range 

Uncertainty 

Load 

±4350  N 

±  8.6  N 

MTS  Displacement  LVDT 

±  140  mm 

±  0.3  mm 

External  LVDT 

±63.5  mm 

±  0.529  mm 

External  Dial 

±  12.7  mm 

±  0.0127  mm 

Voltage 

±  900  V 

±  1.35  V 

Current 

±9.5  A 

±0.056  A 

Temperature 

0  °C  to  100  °C 

±  0.2  °C 

Motor  Encoder 

360°  rotation 

±0.17° 

Voltage  by  Newton's  4th 
Power  Analyzer 

± 1000V  rms 

±0.836  V 

Current  by  Newton's  4th 

Power  Analyzer 

±  10A  rms 

±  0.0088A 
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CHAPTER  6 


TEST  RESULTS 


Backlash 

A  large  backlash  of  an  aircraft’s  flight  control  actuators  could  have  detrimental 
effects  on  flutter  stability  in  the  control  surfaces  due  to  reduced  stiffness  caused  by 
backlash.  As  a  result,  backlash  of  flight  control  actuators  cannot  exceed  user  specified 
percentage  of  full  stroke.  To  measure  the  backlash  of  an  EMA,  an  external  measurement 
device  is  directly  attached  to  the  side  of  the  EMA.  The  external  measurement  device 
used  here  is  a  Teclock  Corporation  Dial  Indicator  with  a  resolution  of  0.001”  (0.0254 
mm).  The  EMA  is  coupled  to  the  hydraulic  press  and  commanded  to  hold  a  fixed 
position  while  the  hydraulic  press  applies  a  step  input  force  against  the  EMA  to  push  and 
pull  the  EMA.  Because  of  this  force,  the  EMA  arm  moves  slightly  up  and  down  because 
of  the  backlash  in  the  system  and  gear  train.  These  results  of  the  external  measurement 
device  attached  to  the  EMA  and  the  motor  position  from  the  motor  driver  software  were 
recorded.  The  motor  position  from  the  driver  software  was  recorded  so  that  when 
subtracting  the  motor  position  from  the  measurement  of  the  external  measuring  device, 
the  backlash  due  to  the  gear  train  can  be  accurately  calculated  without  incorporating  the 
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motor  slippage  into  the  measurement.  Figure  32  below  is  an  example  of  the  backlash  test 
force  profile  that  was  applied  to  the  static  EMA. 


Force  (N) 


3000 


Time  (sec) 


Figure  32  -  Backlash  Test  Force  Profile 


Figure  33  shows  the  setup  for  backlash  measurement.  An  independent 
measurement  device  was  affixed  securely  to  the  side  of  the  EMA  and  a  rigid  aluminum 
plate  was  positioned  between  the  clevis  end  of  the  EMA  and  the  cylinder  portion  of  the 
arm  so  as  to  have  a  flat  surface  for  the  measurement  device  to  measure  position.  This 
method  was  used  in  order  to  eliminate  any  displacement  due  to  slop  in  the  top  and  bottom 
clevis  connections  of  the  EMA  so  that  only  ‘true’  backlash  in  the  gear  train  of  the 
actuator  is  recorded.  The  EMA  was  connected  to  the  press  and  commanded  to  hold  a 
‘zero’  position  through  a  command  of ‘zero’  velocity,  to  avoid  jittering  of  the  EMA 
which  would  result  from  a  position  command.  While  the  EMA  was  holding  still,  the  press 
followed  a  step  force  profile.  The  movement  of  the  EMA  ram  due  to  the  backlash  was 

measured  by  the  measurement  device  affixed  to  the  EMA  and  was  recorded  by  hand. 
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The  magnitude  of  the  applied  force  was  chosen  to  be  200  N,  1000  N,  and  2500  N.  The 
EMA  was  installed  vertically,  the  weight  of  EMA’s  ram  and  gear  train  is  45  lbf  and 
equivalent  to  200  N  force,  this  force  was  used  for  the  first  loaded  test  to  simulate  a  no 
load  backlash  condition.  2500  N  is  just  less  than  the  motor’s  maximum  continuous  load 
so  that  the  measured  EMA  ram  movement  was  solely  due  to  backlash.  These  values 
simulated  a  very  low  load,  medium  load,  and  32%  motor  stall  load.  Any  slippage  of  the 
motor  was  recorded  with  the  use  of  the  EMA  driver  software  and  subtracted  from  the 
recording  of  the  external  measurement  device  attached  to  the  EMA.  Figure  34,  Figure  35, 
and  Figure  36  show  the  measurement  readings  at  the  three  loads. 


Figure  33  -  Backlash  Test  Set-up 


44 

Approved  for  public  release;  distribution  unlimited. 


Displacement  (mm) 


Figure  34  -  Backlash  Test  Results  under  200N  Alternate  Load 
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Figure  35  -  Backlash  Test  Result  under  1000N  Alternate  Load 
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Figure  36  -  Backlash  Test  Result  under  2500  N  Alternate  load.  50%  of  motor's  stall  load 


Figure  34  shows  that  the  minimal  backlash  in  the  gear  train  is  0. 104  mm.  This  is 
understandable  because  the  gear  train  is  made  up  of  helical  gears  which  produce 
backlash.  When  the  EMA  was  under  loads  of  1000N  and  2500N.  the  backlash  increased 
to  0.355  nun  and  0.499  nun  respectively.  This  is  expected,  as  higher  forces  cause  higher 
elastic  deformation  of  the  actuator’s  linkage  and,  therefore,  larger  backlash.  Table  2  are 
the  results  of  the  backlash  testing.  The  error  bar  of  the  backlash  is  ±0.0 177mm, 

±0. 0127mm  from  the  dial  readout  uncertainty  and  ±0. 005mm  from  the  actuator’s  encoder 
readout  uncertainty. 


Table  2  -  Backlash  of  EMA  gear  train  under  varying  loads 


Load (N) 

±200 

±1000 

±2500 

Backlash  (mm) 

0.104 

0.355 

0.499 

Backlash  (°/ofitll  stroke) 

0.03% 

0.12% 

0.16% 
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Step  Response 

The  step  response  test  determined  the  overshoot,  settling  time,  and  rising  time  of 
the  actuator  for  a  given  step  command  input.  The  overshoot  was  defined  as  the  difference 
between  the  overshoot  actuator  stroke  and  the  commanded  stroke,  in  percentage  of  the 
commanded  stroke.  The  settling  time  is  the  time  from  applied  step  command  to  the 
point  where  the  actuator  crosses  the  user  specified  percentage  error  band  for  the  last  time. 
The  rising  time  is  defined  as  the  time  required  for  10%  to  90%  of  the  step  stroke.  Figure 
37  depicts  the  definition  of  those  three  parameters.  The  evaluator  will  flag  if  the 
overshoot,  settling  time,  and  rising  time  are  greater  than  user  specified  values. 


Figure  37-  Definition  of  Overshoot,  settling  time,  and  rising  time  from  a  Step  Response 

A  step  response  test  was  run  on  the  Danaher  EMA  with  mechanical  and  electrical 
data  collected.  Instead  of  a  single  step  input,  double  steps  back-to-back  were 
commanded  in  a  square  wave  form  to  also  evaluate  the  power  characteristics  of  the  step 
response.  Sufficient  time  between  the  two  steps  is  allocated  to  decouple  the  interference 
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between  them.  The  step  amplitude  is  127  mm,  40%  of  the  actuator’s  full  stroke.  Figure 
38  is  the  step  response  input,  measured  position,  and  measured  velocity.  The  result  from 
the  first  step  was  used  to  determine  the  rise  time,  overshoot,  and  settling  time. 
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Figure  38-Mechanical  Step  Response  Results 


Figure  39  and  Figure  40  are  a  close  ups  of  the  step  response  and  depicts  data  for  the  rise 
time,  settling  time,  and  overshoot  of  the  EMA  for  the  step  response  portion  of  the  test 
where  the  EMA  is  extending  downward.  The  rise  time  of  the  EMA  for  this  particular 
step  response  test  was  0.408  seconds,  and  the  settling  time  of  the  EMA  is  0.5 17  seconds 
(Figure  39).  There  was  not  an  overshoot  for  the  EMA  on  this  particular  step  response 
test.  The  recorded  overshot  was  0. 12%  of  the  commanded  127  mm  displacement  (Figure 
40). 
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Figure  39  -  Rise  Time  and  Settling  Time  of  Step  Response 
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Figure  40  -  Overshoot  of  Step  Response 


Figure  41  and  Figure  42are  close  ups  of  the  step  response  and  depicts  data  for  the  rise 
time,  settling  time,  and  overshoot  of  the  EMA  for  the  step  response  portion  of  the  test 
where  the  EMA  is  retracting  upward.  The  rise  time  of  the  EMA  for  this  particular  step 
response  test  was  0.407  seconds  and  the  settling  time  of  the  EMA  is  0.59  seconds.  There 
was  no  overshoot  for  the  EMA  on  this  particular  step  response  test. 
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Figure  41-Rise  Time  and  Settling  Time  of  Step  Response 
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Figure  42-Settling  Time  of  Step  Response 


The  step  response  test  also  revealed  the  electric  power  characteristics  of  the  actuator. 
Figure  43  below  displays  the  DC  bus  voltage  and  DC  bus  current  collected  with  the 
Newton’s  4th  Power  Analyzer.  The  transient  spikes  in  current  and  voltage  are  shown  at 
points  in  the  step  response  test.  Here,  the  EMA  actuator  arm  travels  at  maximum  velocity 
from  a  stationary  position  to  the  next  commanded  position.  The  first  peak  in  current 
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correlates  to  the  in  rush  of  power  to  accelerate  the  motor  at  maximum  velocity  in  order  to 
reach  the  commanded  displacement.  The  corresponding  bus  peak  power  is  2 1 8 1  watts  at 
ten  seconds  as  shown  in  Figure  44.  At  the  onset  of  the  motion,  the  bus  voltage  dropped 
suddenly  due  to  a  sudden  current  draw.  The  third  and  larger  peak  of  voltage  occurs  when 
the  motor  stops  because  the  EMA  actuator  arm  has  reached  the  commanded  position. 

This  voltage  rise  on  the  DC  bus  is  caused  by  regenerative  energy  being  placed  back  onto 
the  DC  bus  due  to  inertial  rotation  of  the  motor  as  it  is  decelerating  from  maximum  speed 
of  4660  rpm  to  a  stop.  In  turn,  the  motor  becomes  a  generator  for  a  brief  period  of  time. 
The  peak  regenerative  power  is  713.7  watts  shown  in  Figure  44.  The  voltage 
corresponding  to  the  peak  regen  energy  is  389  V,  59  volts  higher  than  the  nominal  bus 
voltage  of  330  V,  an  18%  increase.  The  corresponding  current  is  3.53  A,  this  current 
should  be  negative.  However,  the  bus  current  was  recorded  by  the  power  analyzer  as  an 
rms  value.  Thus,  it  is  always  recorded  as  positive. 
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Figure  43  -  DC  bus  Voltage  and  Current  Data  from  Step  Response 
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Figure  44  -  DC  Bus  Electrical  Power  in  Step  Response  Test 


In  order  to  record  the  regenerative  current  going  to  the  resistor  during  the  step 
response  test,  the  leads  that  were  recording  the  DC  bus  current  were  attached  to  the 
jumper  to  the  regenerative  resistor  on  the  back  of  the  controller  to  record  the  regenerative 
current.  Then  the  same  step  response  test  was  rerun.  Figure  45  below  shows  the  recorded 
DC  bus  voltage  and  regenerative  resistor  current  recorded.  The  DC  bus  voltage  is 
identical  to  the  DC  bus  voltage  in  Figure  43,  indicating  the  repeatability  of  the  test.  The 
regenerative  resistor  current  is  only  occurred  during  regenerative  portions  of  the  step 
response  test,  where  there  is  a  voltage  rise  on  the  DC  bus  and  the  capacitance  on  the 
regen  circuit  have  been  filled  to  capacity.  Figure  46  is  the  power  dissipated  through  the 
resistor. 
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Figure  45  -  DC  bus  Voltage  and  Regen  Resistor  Current  Data  from  Step  Response 
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Figure  46  -  Electrical  Power  in  Watts  Recorded  on  the  Regen  Resistor 
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Regen  Resistor  Current  (A) 


During  the  regenerative  mode  of  the  motor,  the  regenerative  energy  first  goes  to 
the  bus  capacitor  on  the  regen  circuit,  causing  the  rise  of  the  bus  voltage.  When  the  bus 
voltage  on  the  capacitor  reaches  a  design  threshold,  the  regenerative  energy,  in  the  form 
of  current,  is  sent  to  the  regenerative  resistor  where  the  regenerative  electric  energy  is 
converted  to  heat.  To  quantitatively  calculate  the  regenerative  energy,  a  method  based  on 
the  measured  bus  voltage  and  current  across  the  regenerative  resistor  is  derived.  The 
regenerative  period  is  defined  as  the  time  the  bus  voltage  rises.  Regenerative  energy 
stored  in  the  bus  capacitor  was  calculated  based  on  the  initial  and  end  bus  voltage  during 
the  regenerative  period  and  the  capacitor  size.  Regenerative  energy  is  dissipated  by  the 
resistor  was  calculated  based  on  the  measured  power  across  the  resistor.  The  following  is 
an  example  how  the  regenerative  energy  from  the  deceleration  of  the  actuator  in  the  step 
response  was  calculated. 

Figure  47  shows  the  bus  voltage  and  regenerative  resistor  current  of  the  second 
regenerative  event  from  the  deceleration  of  the  actuator.  The  time  interval  at  which  the 
voltage  rise  occurs  on  the  DC  bus  during  this  regenerative  portion  of  the  step  response 
was  used  to  calculate  the  regen  energy  stored  in  the  capacitors.  The  regenerative  energy 
is  dissipated  by  the  regenerative  resistor  is  calculated  by  integrating  the  recorded 
regenerative  resistor  power  over  time  (Figure  48). 
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Figure  47  -  Regenerative  Portion  of  the  Step  Response  Test  Recorded  By  the  Power  Analyzer 


Figure  48  -Electrical  Power  in  Watts  Recorded  on  the  Regenerative  Resistor 
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Regen  Resistor  Current  (A) 


Calculating  the  electrical  energy  stored  in  the  capacitors  and  the  energy  dissipated 
from  the  regenerative  resistor  during  the  voltage  rise  and  comparing  it  to  the  calculated 
mechanical  energy  of  the  EMA  actuator,  the  EMA’s  electric  and  mechanical  power 
characteristics  were  quantified. 

First,  the  energy  stored  in  a  capacitor  can  be  estimated: 

UC=\CT*V2  (1) 

where  Uc  is  the  Energy  stored  in  a  capacitor  in  Joules,  Ct  is  the  Total  capacitance  on 
regen  circuit  in  Farads, (  0.000235  Farads  in  this  case),  and  V  is  the  DC  bus  voltage. 

The  DC  bus  voltage  at  the  onset  of  the  regenerative  event,  Vi,  is  taken  from  5.61  seconds 
in  Figure  47  (333  V).  This  voltage  is  used  to  calculate  the  capacitor’s  initial  stored 
energy.  The  bus  voltage  at  the  end  of  the  regenerative  period,  "VS,  is  388V,  shown  as  the 
peak  at  5.74  seconds  in  Figure  47.  Therefore,  the  regenerative  energy  stored  in  the 
capacitor  is  the  capacitor’s  energy  rise  over  the  period  of  voltage  rise: 

A Uc  =  UC2  -  UC1  =  \cT(y22  -  V±2)  (2) 

A Uc  =  i  (0.000235  Farad)( 3882  -  3332)  (3) 

A  Uc  =  4.67  Joules  (4) 

The  regenerative  energy  when  a  current  flows  on  the  regenerative  resistor  and  is 
dissipated  starts  at  time  tR!  =  5.68seconds.  This  event  ends  at  the  time  when  the  DC  bus 
voltage  reaches  its  peak  and  starts  to  drift  downward  and  as  the  regen  resistor  current 
approaches  zero,  which  is  tR2  =  5.73  seconds.  These  time  events  are  shown  in  Figure  48. 
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Energy  dissipated  by  the  regenerative  resistor: 


R “  |^t+i +A)*(C+i  £tj  ^  ^  I 

i=tRi 

UR  =  12.37  Joules  (6) 

where  Ur  is  the  energy  dissipates  on  the  regen  resistor  in  Joules,  P  is  the  measured 
electrical  power  in  watts  from  the  regen  resistor  (Figure  48),  t  is  time,  tR2  is  the  time  at 
which  DC  bus  voltage  reaches  its  peak  ( tR2  =  5.73  seconds),  tRi  is  the  time  at  which  DC 
bus  voltage  starts  to  rise  (t ri  =  5.68  seconds). 

The  total  Regenerative  electrical  energy: 

Urotai  =  A  Uc  +  UR  (7) 

Urotai  =  17-03  Joules  (8) 


Below  are  the  equations  for  characterizing  the  mechanical  energy  for  the  EMA  system 
during  the  regenerative  event  in  the  step  response  test. 

The  motor  rotor  inertia  (Jm0t0r)  is  given  by: 

Jmotor  =  0.000145  kg-m2  (9) 


The  rotation  of  the  motor  (u>) : 

< l >  =  Max  velocity  =  485.9  radians/second 
The  energy  represented  as  the  motor  rotor  inertia  ( Emotor )  term: 

Emotor  —  2^rn°t°r  * 

Emotor  17.24  Joules 
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(10) 


(11) 

(12) 


The  calculated  mechanical  energy  is  only  0.09  Joules  more  than  the  regenerative 
electrical  energy  which  is  plausible  because  of  the  mechanical  and  electrical  efficiency 
losses  in  the  geartrain,  motor,  and  controller. 

Reversal  Test 

A  reversal  test  commands  the  EMA  under  no-load  to  move  half  of  its  full  stroke 
at  a  specified  slew  rate,  reverse  direction,  move  a  full  stroke,  and  then  reverse  half  of  its 
full  stroke  back  to  the  starting  position.  The  reversal  test  will  evaluate  the  EMAs’ 
position  accuracy  under  no  load. 

In  the  test,  the  actuator  arm  was  commanded  a  50%  max  velocity  rate  of  125 
mm/second  from  a  specified  zero  position  to  a  position  of  68.5  mm  stroke  outward, 
retract  127  mm,  and  then  back  to  mid-stroke  specified  position.  This  evaluation  examines 
the  actuator  position  and  speed  accuracy.  The  transient  electric  power  of  the  actuator  is 
also  evaluated.  The  recorded  velocity  is  used  to  determine  when  steady-state  power 
should  be  evaluated  and  the  interval  over  which  the  peak  power  should  be  integrated  to 
detennine  peak  energy  delivered.  Figure  49  below  is  the  position  input  of  the  reversal 
test.  The  actuator  was  mounted  vertically  with  the  ram  pointing  downward.  Positive 
displacement  means  the  actuator  extending  downward. 
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Time  (sec) 


Figure  49  -  Commanded  Displacement  for  the  Reversal  Test 


Figure  50  below  is  the  recorded  position  and  rate  of  the  reversal  test.  From  the 
recorded  rate,  it  is  observed  that  the  EMA  initially  overshoots  the  commanded  rate  each 
time  there  is  a  directional  change  for  the  EMA  displacement.  As  soon  as  the  EMA 
overshoots  the  commanded  position,  the  EMA  quickly  adjusts  its  rate  to  the  commanded 
rate  of  125  mm/second.  This  specifies  that  the  actuator  always  starts  at  maximum  rate 
and  then  adjusts  to  the  commanded  rate.  This  control  mechanism  will  have  an  impact  on 
the  regenerative  energy  as  shown  later.  Figure  51  and  Figure  52  are  enlargements  of 
regions  of  Figure  50.  At  each  point  of  position  reversal,  the  actuator  overshoots  and  a 
maximum  rate  is  deployed  briefly  to  correct  the  position,  and  then  return  to  commanded 
rate. 
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Figure  50-Mechanical  Reversal  Results 


Figure  5 1  -  Close  up  of  first  reversal 
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Figure  52  -  Close  up  of  second  reversal 


Figure  53  displays  the  DC  bus  voltage  and  current  collected  with  the  Newton’s  4th 
Power  Analyzer  for  the  reversal  test.  The  transient  spikes  in  current  and  voltage  occur 
where  the  EMA  actuator  arm  starts  traveling  to  a  commanded  position  or  it  reverses 
directions  to  the  next  commanded  position.  Figure  54  displays  the  electrical  power 
recorded  on  the  DC  bus  during  the  reversal  test.  The  first  peak  of  electrical  power  is  the 
power  draw  when  the  motor  begins  rotating.  The  second  peak  in  power  is  a  small 
regenerative  peak  which  is  due  to  the  motor  decelerating  from  200  mm/second  to  the 
commanded  rate  of  125  mm/second  after  over  shooting  when  the  motor  started  rotating 
(Figure  50).  The  third  peak  in  power  is  a  regenerative  peak  as  the  motor  quickly 
decelerated  from  125  mm/second  to  a  rate  of  zero  in  order  to  reverse  directions  (Figure 
50).  The  fourth  peak  in  power  resulted  from  the  motor  drawing  power  to  immediately 
rotate  at  the  commanded  rate  (Figure  50).  The  fifth  peak  in  power  is  regenerative  power 
from  overshooting  to  the  maximum  rate  of  -250  mm/second  and  having  to  decelerate  to 
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the  commanded  rate  of  125  mm/second  (Figure  50).  The  sixth  peak  in  power  is  a 
regenerative  peak  as  the  motor  quickly  decelerated  from  125  mm/second  to  a  rate  of  zero 
in  order  to  reverse  directions.  The  seventh  peak  in  power  resulted  from  the  motor 
drawing  power  in  order  to  immediately  rotate  at  the  commanded  rate  of  125  mm/second 
(Figure  50).  The  eighth  peak  in  power  represents  the  regenerative  power  from 
overshooting  to  the  maximum  rate  of  250  mm/second  and  then  decelerating  to  the 
commanded  rate  of  125  mm/second  (Figure  50).  The  ninth  peak  in  power  is  a 
regenerative  peak  as  the  motor  quickly  decelerated  to  a  rate  of  zero. 


Figure  53  -  DC  bus  Voltage  and  Current 
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Figure  54  -  Electrical  Power  from  Reversal  Test 

Frequency  Response 

A  sinusoidal  frequency  sweep  test  with  no  load  is  done  to  evaluate  the  frequency 
response  of  an  EMA.  A  sinusoidal  position  command  was  used  with  a  linearly  increasing 
frequency  from  near  to  zero  to  20  Hz: 


x=A*sin(2*7t*(/max/A0*A)  (1) 

where  A  is  the  amplitude  in  millimeters, /max  is  the  maximum  frequency  in  hertz,  and  At 
is  the  change  in  time  in  seconds.  The  amplitude  attenuation  and  phase  lag  from  the 
frequency  response  test  need  to  fall  within  the  envelope  defined  by  user  specific 
parameters.  Also  the  mechanical,  electrical,  and  thermal  results  for  the  frequency 
response  test  are  then  analyzed  to  see  if  the  EMA  perfonnance  falls  into  the  user 
specified  parameters.  Figure  55  below  is  the  frequency  response  test  commanded  profile 
with  a  chosen  3.8  mm  amplitude,  2.5%  of  the  Danaher  actuator’s  full  stroke,  and  with 
sweeping  frequncy  range  from  zero  to  20  Hz.  During  the  test,  the  actuator  was  mounted 
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vertically  upsidedown.  Positive  displacement  means  the  actuator  is  extending  downward 
with  gravity  assisting. 


Time  (sec) 


Figure  55  -  Commanded  Profile  for  the  3.8  mm  Frequency  Response  Test 


The  displacement  results  of  the  sinusoidal  frequency  sweep  test  are  shown  in 
Figure  56.  The  vertical  lines  show  the  onset  of  velocity  limit,  current  limit,  and 
temperature  limit  which  will  be  discussed  later.  Figure  57,  Figure  58,  and  Figure  59 
display  the  velocity,  current,  and  thermal  plots,  respectively,  along  with  pointing  out 
where  their  individual  limits  were  reached.  Figure  60  displays  the  electrical  power  on  the 
DC  bus  for  the  frequency  sweep  test. 
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Figure  56  -  Displacement  Results  from  the  3.8  mm  Frequency  Sweep  Test 
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Figure  57  -  Velocity  Results  from  the  3.8  mm  Frequency  Sweep  Test 
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Figure  58  -  Voltage  and  Current  Results  from  the  3.8  mm  Frequency  Sweep  Test 
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Figure  59  -  Thermal  Voltage  and  Current  Results  from  the  3.8  mm  Frequency  Sweep  Test 
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Figure  60  -  Electrical  Power  Results  from  the  3.8  mm  Frequency  Sweep  Test 


A  close  up  view  of  the  EMA  displacement  control  at  each  point  in  frequency  the 
EM  A  reaches  a  limit  in  velocity,  current,  and  temperature  as  shown  in  Figure  61,  Figure 
62,  and  Figure  63.  Figure  57  shows  that  the  actuator  reached  its  velocity  limit  near  8  Hz. 
Starting  from  this  frequency,  the  bus  current  began  a  much  steeper  climb  as  shown  in 
Figure  58.  At  10.5  Hz,  the  actuator  reached  its  current  limit.  When  the  current  limit  is 
reached,  the  EMA  control  began  to  drift  downward  as  it  attempted  to  follow  the 
commanded  position  while  maintaining  the  magnitude  of  the  commanded  stroke.  At  the 
onset  of  reaching  the  velocity  limit,  accompanied  by  the  sharp  increase  of  current,  the 
actuator’s  temperature  starts  rapidly  increasing.  This  is  shown  by  the  regen  transistor 
temperature  in  Figure  59.  At  12.5  Hz,  the  bus  current  suddenly  dropped  about  50%  and 
remained  at  the  lower  level  for  the  rest  of  the  test.  The  corresponding  voltage  and  power 
also  have  dropped  (Figure  62  and  Figure  60).  As  a  result,  the  actuator  temperature 
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climbing  rate  decreased  significantly  as  indicated  by  regen  transistor  and  the  three  IGBT 
heat  spreader  temperatures  in  Figure  59.  We  believe  that  the  sudden  current  drop  was 
triggered  by  the  overheating  of  the  motor  controller.  Interestingly,  when  the  actuator 
entered  into  a  low  current  state,  the  actuator  velocity  dropped  as  well  (Figure  57).  The 
actuator  is  no  longer  able  to  maintain  the  stroke  anymore  (Figure  56). 


Displacement  Velocity 


Frequency  (Hz) 


Figure  61  -  Close  up  view  of  Displacement  Results  When  Reaching  the  Velocity  Limit 
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Displacement  DC  Voltage  and  Current 


Figure  62  -  Close  up  view  of  Displacement  Results  When  Reaching  the  Current  Limit 
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Figure  63  -  Close  up  view  of  Displacement  Results  When  Reaching  the  Temperature  Limit 


Figure  64  is  the  Bode  plots  of  the  actuator’s  frequency  response.  The  EMA  hit  -3 
dB  at  10.5  Hz.  This  was  where  the  current  limit  of  the  EMA  was  reached  and  the  control 
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of  the  EMA  displacement  started  to  drift.  The  phase  lag  hit  60  degree  at  12  Hz  directly 
before  the  temperature  limit  was  reached. 


I 
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Figure  64  -  Bode  Plot  of  3.8  mm  Frequency  Sweep  Test 


Holding  Tests 

Each  flight  control  surface  actuation  system  will  be  required  to  hold  the  surface 
under  a  user  specified  percentage  of  a  stall  load  indefinitely.  For  those  control  surfaces 
where  a  mechanical  brake  mechanism  is  not  allowed  (e.g.,  an  aileron),  an  EMA  actuator 
relies  on  an  electromagnetic  field  to  hold  the  surface.  During  holding,  all  the  electric 
current  in  EMA  turns  to  heat,  resulting  in  a  thermally  stressful  scenario.  The  holding  test 
evaluated  the  EMA’s  thermal  performance. 

For  the  Holding  test,  an  EMA  was  commanded  to  hold  zero  displacement  while  a 
load  of  5000  N  (64%  of  the  motor’s  stall  load)  was  applied  using  the  hydraulic  load 
fixture.  Figure  65  below  shows  the  total  thermal  results  recorded  over  the  duration  of  the 

1800  second  test.  The  temperatures  on  the  motor  windings  on  the  EMA  rose  considerably 
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and  were  still  rising  after  1800  seconds  because  of  the  high  power  draw  to  each  winding 
to  hold  the  5000  N  load  while  staying  stationary.  A  closer  look  of  the  thermal  stress 
induced  on  the  motor  windings  as  well  as  the  IGBTs  associated  with  these  windings  is 
shown  in  Figure  66  and  Figure  67  respectively. 


Figure  65  -  Temperature  plot  for  holding  5000  N  with  no  Disturbance 


71 

Approved  for  public  release;  distribution  unlimited. 


150 


60 


500 


1000 

Time  (sec) 


1500 


2000 


Figure  66  -  Temperature  plot  of  motor  for  holding  5000  N  with  no  Disturbance 


Figure  67  -  Temperature  plot  of  IGBTs  for  holding  5000  N  with  no  Disturbance 


In  addition  to  high  temperature  rise,  the  motor’s  three  windings  also  experienced 
significant  temperature  difference,  21  degree  Fahrenheit  at  1800  second  (Figure  66), 
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which  could  cause  thermally  induced  structure  stress.  One  way  to  reduce  the  thennal 
gradient  and,  thus,  the  overall  thermal  stress  on  the  windings  for  a  wye-connected  3- 
phase  motor  is  to  engage  all  three  phases  equally  throughout  the  holding  profile.  To  do 
this,  half  a  rotation  of  the  motor,  1.6  mm  displacement,  (which  correlated  to  a 
displacement  of  -0.8  mm  to  0.8  mm)  was  needed  to  equally  distribute  electrical  power 
across  the  three  windings  throughout  the  holding  test.  Understanding  that  such  a  rotation, 
imposed  as  a  disturbance  on  holding,  deems  that  the  test  is  not  strictly  holding  anymore. 
The  author  does  not  know  the  impact  of  such  a  motion  disturbance  on  the  control  of  the 
aircraft  and  its  feasibility.  The  goal  here  is  to  evaluate  the  effectiveness  of  such  a  motion 
disturbance  in  reducing  temperature  gradient  among  the  windings  of  the  motor,  and 
therefore  reducing  the  thermally  induced  structure  stress.  A  sinusoidal  displacement 
profile  with  amplitude  of  0.8  mm  and  frequency  of  0.0 1Hz  was  chosen  for  this  task  and 
the  test  was  run  again  with  a  5000  N  load  applied  to  the  EMA.  The  amplitude  of  0.8  mm 
is  equivalent  to  one  quarter  rotation  of  the  motor.  The  low  frequency  of  0.01  Hz  was 
chosen  to  minimize  the  impact  of  the  sinusoidal  movement  of  the  motor  on  the  control 
surface.  The  commanded  and  recorded  displacement  and  force  for  the  sinusoidal  holding 
test  is  shown  in  Figure  68  and  Figure  69  below.  The  force  variation  in  Figure  69  is  a 
result  of  the  hydraulic  press  active  load  control.  The  hydraulic  load  fixture  is  actively 
controlling  force  when  connected  to  the  EMA  while  the  EMA  is  extending  and  retracting. 
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Figure  68  -  Commanded  and  Recorded  Displacement  for  the  5000  N  Flolding  Test  with  a  Sinusoidal  Disturbance 
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Figure  69  -  Commanded  and  Recorded  Force  for  the  5000  N  Holding  Test  with  a  Sinusoidal  Disturbance 


The  temperature  plot  of  all  the  thermocouples  is  shown  below  in  Figure  70,  while 
Figure  71  and  Figure  72  are  temperature  readings  from  the  motor  and  the  driver, 
respectively.  Temperature  oscillation  in  the  motor  windings  corresponding  to  the  back 
forth  rotation  of  the  motor  can  clearly  be  seen  in  Figure  71  when  the  motor  rotated  half  a 
rotation  in  a  sinusoidal  fashion.  The  three  phase  motor  windings’  temperature  gradient  is 
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4  degrees  Fahrenheit  at  1800  second  (Figure  71),  compared  to  21  degree  Fahrenheit  at 
still  holding  (Figure  66),  a  significant  reduction. 


Figure  70  -  Temperature  plot  for  holding  5000  N  with  Sinusoidal  Disturbance 


Figure  71  -  Temperature  plot  of  Motor  for  holding  5000  N  with  Sinusoidal  Disturbance 


75 

Approved  for  public  release;  distribution  unlimited. 


Figure  72  -  Temperature  plot  of  IGBTs  for  holding  5000  N  with  Sinusoidal  Disturbance 


There  is  a  clear  difference  in  temperature  gradient  within  the  motor  windings 
between  the  5000  N  holding  test  with  no  oscillation  to  the  5000  N  holding  test  with 
sinusoidal  oscillation  that  engages  all  3  motor  windings  by  rotating  the  motor  half  a 
rotation.  The  holding  test  in  which  the  3  windings  are  engaged,  compared  to  the  holding 
test  with  no  sinusoidal  oscillation,  had  a  temperature  gradient  of  AT  reduction  from  21 
degree  Fahrenheit  to  4  degree  Fahrenheit  (81%  reduction). 
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CHAPTER  7 


DYNAMIC  LOAD  CONTROL 


In  order  to  test  real  time  dynamic  flight  loads  an  actuator  would  encounter  while 
in  flight  and  how  the  actuator  being  tested  can  handle  such  loads,  a  mission  test  was  run. 
The  stroke  and  force  profile  of  the  mission  test  was  generated  using  infonnation  based 
the  NASA  Dryden  flight  study  [7].  The  profile  was  scaled  to  fit  the  capabilities  of  the 
current  industrial  EM  A  on  hand  that  will  be  used  in  the  test  set-up.  Where  the 
commanded  for  to  the  EMA  was  7%  of  the  force  from  the  recorded  mission  profile  and 
the  maximum  displacement  rate  for  the  EMA  was  reduced  to  57%  from  the  recorded 
mission  profile  velocity.  For  future  testing  the  combat  mission  profile  will  not  be  scaled 
down  because  the  purpose  of  the  testing  is  to  make  sure  the  EMA  can  handle  similar 
inflight  dynamic  loads  and  displacements.  Figure  73  below  displays  the  results  of  a 
dynamic  segment  of  the  mission  test  run.  It  can  be  seen  that  improvement  needs  to  be 
done  on  control  of  the  hydraulic  load  fixture  when  running  a  dynamic  stroke  and  load 
profile  while  coupled  to  the  EMA.  The  hydraulic  load  fixture  control  when  coupled  with 
the  EMA  is  less  than  desirable  when  running  a  mission  test  with  50%  overshoots  of 
commanded  loads  when  the  frequency  of  the  commanded  load  is  higher. 
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Figure  73  -  Control  of  Force  and  Displacement  over  a  Dynamic  Profile 


Cascade  Control 

Extensive  work  has  been  done  to  tighten  up  the  control  of  the  hydraulic  press  with 
the  use  of  a  PID  cascade  control  loop  for  the  press  that  is  inside  the  LabVIEW  control 
block  of  the  experiment  to  allow  “on  the  fly”  load  compensation.  In  order  to  have  the  best 
possible  control  between  the  EMA  and  hydraulic  load  fixture  when  running  dynamic 
mission  profile  while  coupled  together,  an  EMA  Test  System  Control  Scheme  and  a 
Cascade  Control  Command  Generation  diagram  was  developed,  as  seen  below  in  Figure 
74  and  Figure  75  respectively.  Figure  74  depicts  the  overall  test  control,  where  the 
National  Instruments  Data  Acquisition  (DAQ)  records  the  force  on  the  EMA  and  places  it 
into  the  PID  loop  shown  in  Figure  75.  The  PID  loop  utilizes  integrals  and  derivations  to 
adjust  the  force  command  signal  to  the  hydraulic  load  fixture  controller  in  order  to  tighten 
the  control  of  the  load  on  the  EMA  during  a  test. 
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Figure  74  -  EMA  Test  System  Control  Scheme 


Figure  75  -  Cascade  Control  Command  Generation 


Signal  Response  of  the  EMA  and  Hydraulic  Press  Fixture 

A  signal  response  test  needed  to  be  perfonned  on  both  the  MTS  hydraulic  fixture 
and  the  EMA.  This  is  so  when  running  a  test  where  the  EMA  and  hydraulic  fixture  are 
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both  imposing  a  dynamic  movement  or  force  that  they  do  so  simultaneously  with 
minimal  lag  time.  A  difference  in  time  can  cause  control  issues  with  the  EMA  and 
hydraulic  fixture  when  they  are  attached  together  running  a  test  profile.  An  NI  Lab  VIEW 
program  was  developed  to  test  these  signal  responses  by  recording  the  signal  being  fed  to 
the  controller  along  with  position/force  feedback  signal  from  the  system.  These  were 
recorded  on  the  same  clock  in  the  DAQ  Real  Time  system  so  that  a  time  delay  was  part 
of  the  recorded  data.  A  diagram  involving  the  DAQ  and  controller  for  the  signal 
response  test  is  displayed  below  in  Figure  76. 


Figure  76  -  Diagram  of  Signal  Response  Test 


Sine  sweep  signal  response  tests  were  performed  with  the  MTS  hydraulic  fixture 
stroke  frequency  ranging  from  0.5  Hz  to  6  Hz.  Multiple  cycles  were  recorded  so  as  to 
find  the  average  time  delay  of  each  frequency.  This  was  done  by  taking  the  time 
difference  when  the  commanded  signal  and  the  recorded  signal  go  through  a  ‘zero’  point 
on  the  profile.  The  stroke  displacement  for  the  hydraulic  fixture  was  10  mm. 
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Similar  sine  sweep  signal  response  tests  were  performed  with  the  Danaher  EMA 
from  0.5  Hz  to  6  Hz  decoupled  from  the  hydraulic  press  arm.  Because  of  a  high  level  of 


noise  was  on  the  recorded  displacement  signal,  a  three  point  smoothing  was  used.  An 
enlarged  plot  of  the  4Hz  test  run  on  the  EMA  is  shown  in  Figure  77  below. 


10 
8 

?  6 
E 

i  4 

<D 

E  2 

<D  ^ 

O 

1  0 

(/> 

5  -2 

-4 
-6 

1.42  1.44  1.46  1.48  1.5  1.52  1.54  1.56  1.58  1.6  1.62  1.64  1.66  1.68  1.7 

Time  (Sec) 

Figure  77  -  Segment  of  a  4  Hz  Signal  response  of  EMA 

For  the  best  results  of  the  signal  response  test  data  above,  a  1000  Hz  analog  pre-filter 
created  for  the  MTS  recorded  displacement  signal  to  eliminate  any  unwanted.  The  results 
from  the  tests  run  are  shown  below  in  Figure  78  [29]. 
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Figure  78  -  Time  Delay  vs  Frequency  for  Press  and  EMA  [29] 

81 

Approved  for  public  release;  distribution  unlimited. 


The  results  were  as  expected  with  the  EMA’s  time  response,  although  nonlinear, 
being  faster  than  the  hydraulic  fixture.  It  is  speculated  that  the  reason  for  the  EMA’s 
time  delay  increase  with  increasing  frequency  is  because  the  rate  at  which  the  controller 
can  command  displacement  is  being  reached.  This  occurs  somewhere  between  the  2  Hz 
and  3  Hz  range  of  the  signal,  where  there  is  a  rise  in  time  delay  for  the  EMA.  This  is 
acceptable  for  the  testing  and  control  of  the  EMA  because  the  frequency  rate  at  which  the 
EMA  is  being  tested  in  a  flight  scenario  will  not  be  above  3  Hz. 

In  order  to  exhibit  dual  control  of  displacement  and  force  for  the  hydraulic  load 
fixture  (Figure  75)  the  Lab  VIEW  command  must  be  able  to  equate  an  offset  in 
displacement  to  force  seen  by  the  load.  The  EMA  system  spring  constant,  F=kX  (Hooke’s 
Law),  needed  to  be  determined  so  that  it  can  be  incorporated  into  the  cascade  control 
command  generation  for  the  test  rig. 

The  EMA  was  commanded  to  hold  position  (given  a  zero  speed  command)  while 
coupled  to  the  hydraulic  load  fixture.  The  hydraulic  load  fixture  was  commanded  to 
exert  a  sinusoidal  force  (±2,500  N  centered  at  2,600  N).  Force  and  displacement  were 
recorded  from  the  hydraulic  load  fixture  Analog  I/O  and  plotted  against  each  other.  The 
inverse  of  the  slope  of  the  linear  best  fit  to  the  data  is  the  system  C-value,  where  C  =  1/k. 
Below,  in  Figure  79  and  Table  3  ,  is  a  plot  and  table  of  the  EMA  system  spring  constant 
‘C’  at  frequencies  0.5  Hz,  1  Hz,  and  4  Hz  [29],  The  C-value  measured  fonn  this  data  was 
reasonable  to  use  in  the  PID  control  because  the  majority  of  a  mission  test  will  be  in  the 
0.1  Hz  to  1  Hz  frequency  range  and  the  slopes  in  that  range  shown  in  Table  3  are  very 
close  in  value.  [29], 
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Figure  79  -  System  Spring  Constant  (K)  [29] 


Table  3  -  System  Spring  Constant  Results 


Frequency  (Hz) 

Slope  K  (N/rnm) 

C- Value  (N/nmi) 

0.5 

7965 

1.26E-04 

1.0 

7815 

1.28E-04 

4.0 

11250 

8.89E-05 

Recording  Electrical  Data 

Three  phase  motor  electrical  data  was  collected  in  order  to  record  accurate 
electrical  readings  of  the  power  going  to  the  EMA  motor  from  the  controller.  Correct 
sensors  and  appropriate  filtering  must  be  chosen  to  obtain  the  reliable  electrical  data  at 
high  rates  on  the  three  phase  lines.  This  is  required  so  that  high  speed  transient  data  can 
be  recorded  when  testing  the  EMAS.  This  experiment  currently  uses  a  Newton’s  4th 
Power  Analyzer  for  recording  of  electrical  data  of  the  EMAS  because  the  correct  voltage 
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and  current  sensors  still  need  to  be  appropriate  filtering  to  obtain  the  most  reliable  data. 
DC  bus  voltage  and  current  RMS  value  were  recorded  via  a  Newton’s  4th  power  analyzer 
which  analyzes  the  signals  at  2.2  MHz  and  records  the  values  calculated  for  power, 
voltage  and  current  at  a  500  Hz  rate. 

In  order  to  record  electrical  data  on  the  DC  bus  with  voltage  probes  and  hall  effect 
current  sensors,  a  sampling  rate  of  100,000  samples  per  second  was  chosen  for  the 
motor’s  DC  bus  voltage  and  current.  (The  high  speed  DAQ  can  sample  16  channels 
simultaneously  at  1  MHz  so  it  can  record  at  the  specified  100,000  samples  per  second 
rate.)  There  was  noise  in  the  electrical  signals  being  recorded.  To  eliminate  the  high 
frequency  content  on  the  line  from  EMI  and  the  16  kHz  switching  frequency  of  the  motor 
controller  on  the  lines  and  prevent  the  recording  of  aliased  data,  a  3777  Hz  2-pole  Passive 
low  pass  analog  pre  filter  was  built  for  the  DC  bus  voltage  and  DC  bus  current  signal. 

The  filtered  voltage  and  current  signals  are  shown  in  Figure  80  and  Figure  8 1 


respectively. 
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CHAPTER  8 


CONCLUSION 


A  laboratory  apparatus  and  data  acquisition  system  were  successfully  constructed 
for  evaluating  scaled  aircraft  flight  control  actuators  under  simulated  mission  profiles.  A 
MTS  hydraulic  load  frame  is  used  to  simulate  a  control  surface’s  aerospace  load.  A  NI 
based  DAQ  was  used  to  record  the  motor  controller’s  DC  bus  voltage  at  high  rates  and 
the  actuator’s  position,  load,  and  temperatures.  The  DC  bus  rms  voltage,  current,  power, 
and  regenerative  power  were  recorded  by  a  Newton’s  4th  power  analyzer.  Key 
perfonnance  characteristics  tests  such  as  frequency  response,  step  response,  reversal, 
backlash,  and  holding  were  carried  out  with  a  Danahar  EC5  actuator  to  validate  that  this 
lab  setup  can  successfully  evaluate  and  characterize  EMAS. 

The  lab  tests  show  that  holding  presents  the  most  significant  challenge  to  the 
thennal  management  of  an  EMA  system.  During  a  holding,  all  the  electric  power  is 
converted  to  heat.  The  motor  windings  and  motor  controllers  are  heated  unevenly  causing 
temperature  gradient  induced  structure  stress.  To  reduce  the  thermal  gradients  within  the 
motor,  a  half  rotation  back  and  forth  in  the  form  of  a  0.01  Hz  sinusoidal  disturbance  was 
imposed  on  holding  to  evenly  engage  the  motor’s  three  phases.  This  resulted  in  an  81% 
temperature  variation  reduction  among  the  three  windings.  Although  a  small  motion 
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disturbance  is  effective  in  reducing  the  motor  and  motor  drive’s  thennal  gradients,  it  is 
not  known  if  such  a  disturbance  is  feasible  in  practice. 

The  continuous  frequency  sweeping  revealed  that  the  EMA  under  test  reaches  the 
speed  limit  first,  then  the  current  limit,  and  finally  the  temperature  limit.  When  the 
actuator’s  electronics  reached  the  thermal  limit,  the  actuator  controller  drastically  reduced 
its  power.  This  caused  drastic  amplitude  and  phase  lagging.  Continuous  frequency 
sweeping  proved  to  be  a  useful  test  to  evaluate  EMA’s  perfonnance. 

The  step  response  and  reversal  test  showed  that  when  an  EMA  reverses  direction 
or  suddenly  decelerates,  a  significant  spike  of  regenerative  power  may  occur.  This  regen 
power  could  present  as  a  thennal  challenge  to  an  aircraft  flight  control  EMA  system. 

To  use  this  lab  apparatus  to  simulate  dynamic  mission  profile  of  an  aircraft  flight 
control  surface,  the  accuracy  of  the  load  provided  by  the  MTS  hydraulic  load  frame  has 
to  be  improved.  A  double  loop  control  scheme  has  been  derived.  The  hope  is  that  once 
this  control  strategy  is  implemented,  this  lab  setup  will  be  fully  capable  of  subjecting  an 
EMA  to  a  simulated  flight  control  mission  and  evaluate  its  perfonnance. 
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APPENDIX 


Hardware  Specifications 

Kollmorgen  EC5  Electromechanical  Actuator 

Source:  Linear  Positioners  Catalog  en-US  revA 

http  ://www. kollmorgen.  com/  en-us/products/linear-actuators/ electric-cylinders/ ec5  -series 


Figure  82  -  Industrial  EM  A  under  test 

Kollmorgen  AKM42G  Servomotor 

S  ource :  AKM  S  election_Guide_en-U S  rev  A  .pdf 

http  ://www.  kollmorgen.  com/  en-us/products/mo  tors/servo/ akm-series/ akm-series-ac- 
synchronous-motors/ac-synchronous-servo-motors 


91 

Approved  for  public  release;  distribution  unlimited. 
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VouM 

Sftalt 

Conntctory 

B'a*a 

Dav^ea 

- 

y- 

NEVA«nou«t 

AKM  Series 

Opa*  KtY*#y 

Metor-mountad 

4 

rotatao'a  |P$5 

Standard 

contactors 

mm 

mot  or  *  'o 

2 

SoB'»»a 

snaft  vaa 

6 

204ft  PPR  dfitai 

•  ncod*r 

Continuous  Cerrent:  4.8  Arms 

Peak  Current:  19.2  Arms 

Torque  Constant.  Kt=0.74  N-m/Arms 
BackEMF  constant.  Ke=47.5 VArpm 
Resistance  (L-L),  fim=2.38  O 

Pole  Pairs:  5 

Max  Bus  Voltage:  640Vdc 
•Rated Torque:  2.9  Nm 
•Rated Speed:  3500  rpm 
•Rated  Power:  1.06  kW 
inductance  (l-l(.  1=9.2  rn.H 
Static  Friction,  Tf=0.026  N  m 

•Values  for  S610  an  ye  with  320Vdc  bus 

-155  daj-C  Tharm  itor  Or«r<amp  ProtacOOO.  uf*  tamp  lor  Moodym-um  n>*gnat* 

Figure  83  -  EMA  motor  specifications 

Kollmorgen  S610  Servodrive 

Source:  S300_S600_Catalog_en-US_RevA 


http  ://www. kollmorgen.  com/  en-us/products/ drives/ servo/serviced-drives/s600/ 


SERVOSTAJT  family - 

3  -  5300  - 

$-5600 

Cunent  Rating  (Coot  Aires/phasa) - 

0!  -  1.5  amps  5300  480V  onfyl 
03  -  3.0  amps 
06  -  6.0  amps 

10  -  100  amps  <S300  230V  S  5600  only) 
14- 140  amps  (5600  only) 

20  -  200  amps  (5600  only) 

40  -40  0  amps  15600  only) 

70-70.0  amps  (5600  only  I 


S  6  10  0  0  550 


factory  Instated  Option  Cauls 
NA  -  No  op  bon  card 
El  -  Extended  I/O  card 
DM  «  DeweNet  Card 
PB  -  PROfIBUS  Card 
5E  -  5ERCOS  Interface'-  Card 
C£  -  CAW  open  Master  Input  Card 
MM  -  Single  Ans  Controller  Card 


Electrical  Option 
0-  Mo  option 

1-  AS  Safety  Relay  (Option  is  standard 
on  all  5303  and  S640/S70  models! 


Voltage  Option 
0  -  20&480  (5300  S  5600) 
$  -  120/240  (5300  only) 


Output  Current  Per 
Phase:  lOArms 

Peak  Current  (5sec): 
20  Arms 

Rated  Input  Power: 
8 KVA  @  408  Vac 

Internal  Power 
Dissipation:  90  W 

AC  Input  Line 
Voltage:  208-480 

Continuous  Reeen 

vWAWAVW 

Power:  200  W 
(internal),  1500  W 
(external) 


Figure  84-  EMA  drive  specifications 

MTS  Servohydraulic  Load  Frame 

Source:  http://www.mts.com/en/products/producttype/test-systems/load-frames- 
uniaxial/servohydraulic/ standard/  index .  him 
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MTS  370.10  22  KIP  Load  Frame 


Actuator  Type 
Vert.  Test  Space  (inin/max) 
Load  Frame  Column  Spacing 
Load  Frame  Column  Diameter 
Actuator  Location 
Actuator  Force  Rating 
Load  Cell  Force  Rating 
Actuator  Dynamic  Stroke 
Crosshead  Positioning 
Crosshead  Locks 
HSM  Maximum  Flow  Rating 
Floor  Standing  HSM 
Controller  Platform 
Calibration  -  Site 
Calibration  -  Electronics 
Calibration  -  Cable  Length 
Calibration  -  Output  Polarity 
Calibration  -  Full  Scale 
Installation 


Axial 

Ext  363/1753  umi  (14.3/69.0  in) 
533  mm  (21.0  in) 

76.2  nun  (3.0  in) 

Integral  to  Base 
100  kN  (22  kip) 

100  kN  (22  kip) 

250  mm  ( 10  in) 

Hydraulic  Powered  Adjustment 
Hydraulic  Powered  Adjustment 
22S  1pm  (60  gpm)  4  servovalve 
Included 
494  Platform 

Standard  Factory  Calibration 
494.16/494.25/494.26 
7.5  m  (25  ft) 

Tension  (-).  Compression  (-) 
250  mm.  +/-  150  mm 
On-site 


Shown  with  optional  hydraulic  grips 

Figure  85  -  Hydraulic  Press  specifications 

MTS  Servohydraulic  Controller 

Source:  http://www.mts.com/en/products/producttype/test- 
components/controllers/flextest-controllers/index.htm 
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FlexTest  60  Controller 


FlexTest  60 


Front 

(6  VME  slots) 


Back 

(8  transition  slots. 
7  powered) 


Slaton  Builder 


Stator  Manager 


Basic  TestWare 

Station  Desktop 
Organizer 


Hwt  File  Editor 


Controller 
Management  Tool 


About  MTS  FlexTest  Models  40/60/100/200  Controllers 

MTS  FlexTest  Models  40/60  100  200  Controllers  are  generally  used  in 
servoliydraulic  test  systems.  They  provide  real-time  closed-loop  control,  with 
transducer  conditioning  and  function  generation  to  drive  various  types  of  servo- 
actuators. 

A  FlexTest  Controller  consists  of: 

•  One  or  more  Series  494  Hardware  chassis  that  contain  controller  hardware. 

•  A  computer  workstation  that  runs  MTS  controller  applications. 


Parameter 

FlexTest 

FlexTest 

FlexTest 

FlexTest 

40 

60 

100 

200 

Test  Stations 

2 

Up  to  6* 

Up  to  8 

Up  to  8 

Control  Channels 

Up  to  4 

Up  to  8 

Up  to  16 

Up  to  40 

Conditioned 

Transducer  Inputs 

Up  to  12 

Up  to  24 

Up  to  40 

Up  to  80 

Auxiliary  Data  Inputs 

Up  to  16 

Up  to  32 

Up  to  64 

Up  to  96 

'With  On/Off  Hydraulic  Service  Manifolds  only 

Figure  86  -  Hydraulic  Press  Controller  specifications 

MTS  Force  Transducer 

Source:  http://www.mts.com/en/products/producttype/test-components/grips-fixtures- 
accessories/load-cells-force-transducers/index.htm 


MTS  661.20H-03  Load  Cell 


Controller  Platform 
TEDS 

Load  Cell  Model  Number 

Thread  Type 

Load  Cell  Force  Rating 

Load  Cell  Thread  Form 

Load  Cell  Cable  Connector  Type 

Electronics 

Calibration  -  Site 

Cable  Length 

Calibration  -  Output  Polarity 
Calibration  -  Full  Scale 


494  Platform 
Included 
661  20H-03 
Metric 

100  kN  (22  kip) 

M2  7  X  2MM-6H 
JT 

494  16/494.25/494.26 
Standard  Factory  Calibration 
7.5  m  (25  ft) 

Tension  (+).  Compression  (-) 
100  kN  (22  kip) 


MTS  661  Series  Load  Cells  are  designed  for  a  wide  array  of  static  and  dynamic  testing  applications.  The  cells  are 
designed  for  cyclic  operation  in  through  zero  tension/compression  modes. 

-  Low  deflection  and  high  degree  of  stiffness  gives  better  dynamic  performance 

-  High  output  shear  web  design  resists  off-axis  loading  and  moments,  mcreasmg  accuracy  and  resolution. 

-  Proprietary  wiring  techniques  reduce  electrical  noise. 

-  Temperature  compensation  helps  ensure  stability. 

-  Designed  for  easy  integration  with  other  accessories,  platens,  and  fixtures. 

-  Manufactured  with  aircraft-quality  steels,  specially  heat-treated  to  minimize  distortion. 


Figure  87  -  Hydraulic  Press  Load  Cell 
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National  Instruments  Data  Acquisition  Machine 

Source:  NI  PXIe-1071  User  Manual  and  Specifications 

http://sine.ni.eom/nips/cds/view/p/lang/en/nid/208933 

The  DAQ  machine  is  made  up  of  an  NI  PXI  chassis  outfitted  with  a  Real-Time 
controller,  and  three  modules  or  cards — one  for  electrical,  mechanical,  and  thermal 
measurements. 


NI  PXIe-1071, 4-Slot  3U  PXI  Express  Chassis 

•  3  hybrid  slots 

•  230  W  total  power  available  from  0  to  50  °C 

•  High  performance  -  up  to  1  GB/s  per-slot  dedicated 
bandwidth  and  3  GB/s  system  bandwidth 

•  Compact  and  lightweight  PXI  chassis,  13.1  lb  (5.94  kg) 

•  Compatibility  with  PXI,  PXI  Express,  Compact  PCI,  and 
Compact  PCI  Express  modules 


781368-01 

1  a  I 

•IS 

fm 

Figure  88  -  PXIe  Chassis 


NI  PXIe-81 02 1 .9  GHz  Dual  Core  Real-Time  Embedded  SW 

781184-33 


•  Deployment  platform  for  LabVIEW  Real-Time  and  LabWindows™/CVI  Real-Time 
applications 

•  Execution  target  for  NI  LabVIEW  Real-Time  Version  8.6.1  or  later  applications 

•  1  GB  (1  x  1  GB  DIMM)  800  MHz  DDR2  RAM  standard,  2  GB  maximum 

•  1  GB/s  maximum  system  and  250  MB/s  maximum  slot  bandwidth 

•  Integrated  hard-drive,  USB,  serial,  Gigabit  Ethernet,  and  other  peripheral  I/O 

Figure  89  -  PXI  Controller 
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Nl  PXIe-6361,  X  Series  DAQ  (16  Al,  24  DIO, 2  AO) 

781055-01 

•  16  analog  inputs,  2  MS/s  1 -channel,  1  MS/s  multichannel;  16-bit 
resolution,  ±10  V 

•  Two  analog  outputs,  2.86  MS/s,  16-bit  resolution,  ±10  V 

•  24  digital  I/O  lines  (8  hardware-timed  up  to  10  MHz) 

•  Four  32-bit  counter/timers  for  PWM,  encoder,  frequency,  event 
counting,  and  more 

•  Analog  and  digital  triggering  and  advanced  timing  with  NI-STC3 
technology 

•  Support  for  Windows  7/Vista/XP/2000 


Figure  90  -  Module  1 — Electrical  Card 


Nl  PXIe-6366,  X  Series  DAQ  (8  Simultaneous  AJ,  24  DIO,  2  AO) 

781057-01 


•  8  simultaneous  analog  inputs  at  2  MS/s/ch  with  16-bit 
resolution;  16  MS/s  total  Al  throughput 

•  Two  analog  outputs,  3.33  MS/s,  16-bit  resolution,  ±10  V 

•  24  digital  I/O  lines  (8  hardware-timed  up  to  10  MHz) 

•  Four  32-bit  counter/timers  for  PWM,  encoder,  frequency, 
event  counting,  and  more 

•  Analog  and  digital  triggering  and  advanced  timing  with  Nl- 
STC3  technology 

•  Support  for  Windows  7/Vista/XP/2000 


Figure  91  -  Module  2 — Mechanical  Card 
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Nl  PXle-4353  32-Ch  Thermocouple  Nl  TB^353  Isothermal  Terminal  Block 


Input 

781348-01 


for  PXle-4353 

781349-01 


C„,  J 


•  Front  mounting  terminal  block  for  the  Nl  PXle-4353 

•  Built-in  cold-junction  compensation 

•  Screw  terminal  connectivity 

•  Autodetected;  hot  swappable 


•  32  thermocouple  input  channels;  8  built-in  cold-junction  compensation 
channels;  0.3  °C  accuracy 

•  90  S/s/ch  sample  rate  in  high-speed  mode;  1  S/s/ch  sample  rate  in  high- 
resolution  mode 

•  300  Vrms  CAT  II  channel-to-earth  ground  safety  isolation 

•  Autozero  channels  for  offset  error  compensation;  open-thermocouple 
detection 

•  Multidevice  triggering  and  synchronization  via  PXI  Express 

•  NI-DAQmx  driver  software  and  Nl  LabVIEW  SignalExpress  LE 
interactive  data-logging  software 


Figure  92  -  Module  3 — Thermal  Card 
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Newton’s  4th  Power  Analyzer 

Source:  http://www.newtons4th.com/products/power-analyzers/ppa5500-precision- 
power-analyzer/ 

User  Manual:  http://newtons4th.com/wp-content/uploads/20 14/07/PPA55xx-User- 
Manual.pdf 


PPA55J0 

•••••  « 

•  m  i 


#N4L 


Precision  Power  Analyzers 


PPA5500  Series 
PPA1 500 Series 
PPA5 00 Series 


JLttR  hNAYZER 
coupling 


Leading  wideband  accuracy 

Basic  04)1%  with  due  leading  high  frequency  perlbrmanca 

Wide  frequency  range 

DC.  lOrrHz  to  2MKz  -  PPA5500/  DC.  lOirHz  to  1M Hz  -  PPM  500  /  DC,  lOmMz  to  500kHz  •  WA500 

Fast  sample  rate  and  No-Gap 

2.2W  sampkas/s  *  PPA5500  /  1M  santpies/s  •  PPA1500/500,  Hgh  accuracy  In  noisy  applications 

Leading  phase  accuracy 

0.005  Oagreai  plus  04)1  degrees  par  kHz 

Built  in  high  precision  current  shunt 

lOArms,  30Aims  or  SOArms  a up  to  lOOOApfc  direct  ptos  8  wide  range  0 1  artamai  sensors 

Versatile  interfaces 

RS232,  USB,  LAN,  GPIB  (PPA5500)  plus  dlrecX  torque  and  speed  (PPA5500) 

Range  of  PC  software  options 

Remote  control,  mootortng  and  recording  or  real  Ume  data,  tables  and  graphs 

Figure  93  -  Newton's  4th  Power  Analyzer 
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LEM  Current  Transducer  and  Tectronix  Voltage  Probe 

Source:  High-voltage  Differential  Probes,  Current  Transducer  LA  55-P 

http  ://www.tek.  com/  differential-probe-high-voltage 
http://www.alldatasheet.com/datasheet-pdf/pdf/ 11481 8/LEM/L  A55-P.html 


Current  Transducer  LA  55-P 

DC,  AC,  and  pulsed  current  measurements 

Galvanic  isolation  between  primary  circuit  (high  power)  and  secondary 
circuit  (electronic  circuit). 

Primary  nominal  r.m.s.  current:  50  A 
Primary  current,  measuring  range  :0  ..  ±  70  A 
Accuracy  @  50  A ,  TA  =  25“C  @  +  15  V  (±  5  %):  ±  0.65  % 


High  Voltage  Differential  Probes  P5200 

Bandwidth:  25Mhz 

Diff  Mode  Voltage:  1000  RMS  or  DC,  1300  peak 
Attenuation:  50X/500X 
Power  Source:  AC  Wall  Adapter 
Accuracy:  ±  3.0  % 


Figure  94  -  Electrical  Sensors 

Omega  Thermocouples  Probes 

Source:  http://www.omega.com/pptst/JMQSS.html 

Quick  Disconnect  Thermocouples  with  Miniature  Connectors 

(')MQSS  Series  -JMOSS.  KMQSS.  EMQSS.  TMQSS.NMQIN 


6"  and  12"  Lengths  in  StocK 
Sheath  Diameters  from  0.010"  to  0.125" 
304SS  or  321SS  Sheath 


Grounded.  Ungrounded  or  Exposed  Junction 
Color-Coded  SMP  Miniature  Connector  Termination 
Mating  Connector  and  Cable  Clamp  Included  FREE! 
Custom  Lengths  Available 
Made  from  Special  Limits  of  Error  Material 
Glass  Filled  Nylon  Connector  Body  Rated  to  220°C  (425° 
F) 


Note:  Probm  watt  0  032  'dtamamr  and  larger  nfptmdwrth  mnatiae 
comedor  molded to  probe  Smelet  wed probee  ttapted  mlh  romotable 
corn*  aot  AM  Type-N  probe*  WLppbed  off)  fwtkmiM*  corrector 


Using  Conwcxx  Mth  Cable  Clamp 
Included  and  PCLU  Cable  damp 


OMEGA'S  Quick  Disconnect  Thermocouples  with  Miniature  Connectors  are  high  quality,  economical 
thermocouple  probes.  They  feature  a  glass  filled  nylon  connector  which  is  rated  for  temperatures  up  to  220°C 
(425°F).  The  probes  are  available  in  with  diameters  as  small  as  0.25mm(0.010  inches)  and  as  large  as  to 
3.0mm(0.125  inches). 


Figure  95  -  Thermocouples 
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